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Abstract 
 
 The oxygen reduction reaction (ORR) plays a critical role at the cathode of most fuel 
cells. Due to the slow kinetics of the ORR, research has focused primarily on generating 
electrocatalysts with improved activity and economic viability. Building on the prior ORR 
success of a carbon-supported binuclear copper complex of 3,5-diamino-1,2,4-triazole, the first 
section of this thesis focuses on four copper complexes built from structurally similar ligands 
which were synthesized and examined for their effectiveness as ORR electrocatalysts: 1,2,4 
triazole (CuTri), 3,4,5-triamino-1,2,4-triazole (CuTAT), 3,5-diamino-1,2,4-triazole (CuDAT), 
and 4-amino-3,5-di-2-pyridyl-4H-1,2,4-triazole (CuABPT). The crystal structures of the copper 
complexes are readily altered by introducing different ligand substituents. These structural 
changes directly impact the activity of the electrocatalyst. The ORR onset potential is consistent 
for each of the complexes; however, both CuDAT and CuTAT reduce O2 in what is mainly a 4 e- 
process, whereas CuTri and CuABPT are predominantly 2 e- O2 reduction catalysts, producing 
greater quantities of H2O2 side-product. It is expected that with further structural modifications, 
one could optimize Cu-Cu spacing, leading to a better ORR catalyst. 
 The second and third sections of this thesis concentrate on the electrochemical reduction 
of CO2. It is well known that atmospheric CO2 levels are rising at significant rates, thereby 
demanding the development of multifaceted approaches to avoid further climate change. The 
electrochemical reduction of CO2 to produce useful chemicals, such as carbon monoxide (CO), 
provides a potentially carbon-neutral approach to using excess renewable energy from 
intermittent sources, while reducing our dependence on fossil fuels. However, in order to apply 
this promising technology in a commercial setting, catalysts with sufficient activity and product 
selectivity must be developed. 
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 The synthesis and application of carbon-supported nitrogen-based organometallic silver 
catalysts for the reduction of CO2 is studied using an electrochemical flow reactor, as well as 
three-electrode cell measurements. Their performance towards the selective formation of CO is 
similar to the performance achieved using silver as the catalyst, but comparatively at much lower 
silver loading. Faradaic efficiencies of the organometallic catalyst are comparable to those of Ag, 
demonstrating efficiencies higher than 90%. Furthermore, with the addition of an amine ligand to 
Ag/C, the partial current density for CO increases significantly, suggesting a possible co-catalyst 
mechanism. Additional improvements in activity and selectivity may be achieved as greater 
insight is obtained on the mechanism of CO2 reduction and on how these complexes assemble on 
the carbon support. 
 Secondly, a new catalyst platform, Au nanoparticles supported on polymer-wrapped 
multi-walled carbon nanotubes (MWNTs), is applied for the electrochemical reduction of CO2 to 
CO. This catalyst exhibits a high selectivity for CO over H2 (80-92% CO at most cathode 
potentials), as well as high activity: a maximum partial current density for CO of 160 mA/cm2 
and an up to 8.8x higher current density for CO at intermediate cathode potentials (V= -1.39 V 
vs. Ag/AgCl) compared to the state-of-the-art silver nanoparticle-based catalysts normally used 
under identical experimental conditions. Remarkably, this performance is achieved with a very 
low catalyst loading of 0.17 mg Au/cm2, suggesting that Au nanoparticles are highly dispersed 
on MWNTs. Indeed, it is shown that this catalyst possesses a high electrochemically-active 
surface area of 23 m2/g Au. Reducing loadings of precious metal catalysts without sacrificing 
activity and selectivity offers promise for electrochemical CO2 reduction to become an 
economically practical process. As well, polymer-wrapped MWNTs may serve as a platform for 
other metal deposition and can be applied for a variety of different catalytic reactions.   
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Chapter 1 
 
Introduction to the Electrochemical Reduction of CO2 and O2 
 
1.1 Powering the Future 
 Oil and natural gas, as well as coal, are the primary powerhouses used to fuel the global 
economy, specifically the transportation sector. These fossil fuels, however, are subject to 
depletion, forcing prices and desire for these products to continuously increase. As well, the 
burning of these fuels generates large amounts of CO2, greatly exceeding nature’s ability to 
recycle this byproduct, and hence causing potential environmental harm. Therefore, it is of great 
importance that alternatives to these current energy sources be realized, while continuing to 
make strides toward mitigating CO2 emissions and potentially converting CO2 into chemicals 
and fuels of economic value. While there exists a wide array of strategies for coping with these 
issues, the following material will focus on electrochemical methods, specifically looking at 
electrocatalysts for potential use in fuel cell and CO2 electrolyzer applications. 
 
1.2 Fuel Cell Electrocatalysts for the Reduction of Dioxygen 
 The oxygen reduction reaction (ORR) plays a key role in many fields. The ORR has long 
been established as a significant reaction in biological processes such as cellular respiration.  It is 
also recognized as a remarkable tool for the production of energy using fuel cell technology. Fuel 
cell development stems largely from increasing concerns about the environmental impact of 
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fossil fuels, as well as the depletion of these high energy-density fuels as a consequence of 
increasing demand.1,2 Using sustainable and clean energy sources, fuel cells offer a realistic 
alternative for future energy production.  
      Fuel cells operate as electrochemical systems that provide electricity via the oxidation of 
a fuel at the anode, typically hydrogen, where the half-reaction is as follows: 
V 0.0 , 2e  M) 1 aq,(2H    atm) 1 (g,H 0-2 =+→ + E           (1) 
The reduction of an oxidant at the cathode, typically dioxygen, maintains neutrality within the 
electrochemical cell. The desired product of this reduction, as shown below, is water. 
V 23.1 , O2H  M) 1 aq,(H44e  atm) 1 g,(O 02-2 =→++ + E                           (2) 
The combined electrochemical reaction is as follows: 
V 1.23    O,HO
2
1H 222 =∆→+ E             (3) 
      Today’s H2/air-fed polymer electrolyte membrane fuel cells (PEMFC) utilize a carbon 
supported platinum catalyst at both the anode and cathode, while a proton-conducting 
fluoropolymer (Nafion) provides spatial separation of the electrodes. Pt loadings at the anode are 
relatively low (as low as 0.01 mgPt/cm2), due to the kinetically fast oxidation of hydrogen.  
Oxygen reduction in an acidic solution, however, is kinetically slow due to the activation of the 
strong O═O bond (498 kJ/mol).3 Therefore, Pt loading at the cathode must remain high (0.4 
mgPt/cm2) in order to activate the reduction of oxygen. This activation requires that a large 
driving force, or overpotential, be applied in order to obtain realistic current densities. In typical 
H2/air-fed fuel cell, substantial currents are not obtained until the cell voltage approaches 0.8 V, 
well below the thermodynamic value of 1.23 V (1.169 V in air at 80º C). The thermodynamic 
efficiency of a hydrogen fuel cell is approximately 93%, but due to these large cathodic 
overpotentials, efficiencies of only 45-50% are realized.4  
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 The ORR mechanism is proposed to proceed via two different pathways. “Direct” 
reduction of dioxygen involves the transfer of four electrons to produce water. “Indirect” 
reduction occurs via a “series” mechanism of one or two electron transfers, generating 
intermediate superoxo and peroxo species that are either further reduced to water or released into 
the surrounding environment.4 Since species such as hydrogen peroxide are strongly oxidizing 
compounds, they have been considered to be detrimental to PEM fuel cell components, 
contributing largely to membrane degradation.5,6 Therefore, it is crucial that steps be taken to 
further elucidate the mechanism of oxygen reduction on existing and potential fuel cell catalysts.  
      The high price of Pt, as well as Pt’s limited supply, limits the application of this metal in 
large-scale automotive systems. Enhancements of Pt activity have been seen with Pt3M alloys (M 
= Ni, Co, Fe, V, Ti), where after annealing, a Pt-rich “skin” develops, lowering total Pt content.  
These enhancements are attributed to both electronic factors and structural changes.7 Although 
promising, these alloy catalysts are subject to leaching of the base-metal, poisoning the ionomer 
membrane.8 Non-precious metal-based catalysts such as cobalt-polypyrrole-carbon catalysts 
have proven to be stable, yet overpotentials must be reduced by ~0.15 V to meet Pt/C activity.9 
More recently, Fe/N/C electrocatalysts have been shown to reach current densities similar to Pt/C, 
but lack stability within the PEMFC environment.10 It should be noted, as well, that the 
mechanisms by which the activity and stability are enhanced for these nitrogen-based Fe/Co 
catalysts are not fully understood.11 
      Multicopper oxidases, and more specifically laccase, have shown significant activity 
towards the reduction of dioxygen at potentials approaching 1.2 V vs. RHE.12 These copper 
complexes activate oxygen at a three copper site and the substrate is oxidized remotely at a 
single monocopper site. Cu-Cu spacing exhibited in the tri-copper active site of laccase can vary 
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from <3.5 Å in the oxygenated native intermediate to the >5 Å in the reduced form of the 
enzyme. A more thorough description of the ORR mechanism as it pertains to multicopper 
oxidases is contained in Appendix A. These enzymes have been successfully supported on 
electrode surfaces and demonstrate moderate activity towards the reduction of dioxygen.13-16 
Although active at high potentials, these enzyme-modified electrodes are high in cost, show 
limited durability, operate within limited pH ranges, and have low power densities.4  
 Synthetic biomimetic Cu complexes offer an ideal route to replicating the success of 
“type 3” Cu enzymes and moving away from the use of precious metals as catalysts. A recent 
review offers a summary of the synthetic efforts made in this field to electrochemically 
understand copper complex reactivity for dioxygen reduction.17 Much research has focused on 
the limited success of mononuclear copper complexes, where both 2e- and 4e- reduction of 
dioxygen has been observed. Mononuclear copper-porphyrin complexes have demonstrated 
relatively low onsets at 0.13 V18 and 0.44 V vs. RHE.19 Mononuclear Cu(II) complexes with 
amino-alkyl ligands such as tris(2-aminoethyl)amine and N1,N1-bis(2-(dimethylamino)ethyl)-
N2,N2-dimethylethane-1,2-diamine demonstrate 2e- reduction of O2 to H2O2  with onset 
potentials of 0.43 V and 0.33 V vs. RHE.17 Using the tris(3-aminopropyl)amine and imidazole 
ligand20, as well as the 2-(bis(2-aminoethyl)amino)ethanol ligand21 to complex Cu, onsets of 
0.58 V and 0.57 V vs. RHE, respectively, are observed with n = 4e-. Mononuclear Cu(I) 
complexes with 2,4-bis(2-pyridyl)pyrimidine and 2,4,6-tris(2-pyridyl)-1,3,5-triazine demonstrate 
ORR onsets of 0.56 V and 0.51 V vs. RHE, respectively, with n = 4e-.22 A rare mononuclear 
Cu(III) catalyzes the 4e- reduction of dioxygen at an onset of 0.55V vs. RHE using the ligand 
8,17-dioxa-1,2,5,6,10,11,14,15-octaaza-tricyclo[13.3.1]eicosane-3,4,12,13-tetrone.23 
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 Zhang and Anson explored the ability of mononuclear complexes of Cu(II) with 
substituted 1,10-phenanthroline ligands to accomplish the 4e- reduction of dioxygen to water.24-26  
It was observed that the formal potential of the Cu(II)/Cu(I) couple when complexed with 1,10-
phenanthroline is shifted to more positive values once substituents are introduced to the 
phenanthroline ligand. This shift is attributed to an increase in the stability, afforded by the 
addition of ligand substituents, of the Cu(I) oxidation state, and a destabilization of the Cu(II) 
state. Onset potentials for copper complexes of 1,10-phenanthroline, 5-chloro-1,10-
phenanthroline, and 4,7-diphenyl-1,10-phenanthrolinedisulfonate are similar at ~ 0.5 V vs. RHE. 
However, an onset as high as 0.69 V vs. RHE was observed with the 2,9-dimethyl-1,10-
phenanthroline ligand. 
 Chidsey, et al. further explored the effect of substitution using mononuclear copper 
complexes of the 1,10-phenanthroline ligands.27 Again, it was observed that the Cu(II)/Cu(I) 
couple can be shifted to more positive potentials by introducing substituents to the 
phenanthroline ligand. Increasing the ligand’s electron-withdrawing properties and perturbing 
the steric influence of substituents near the Cu center alter the standard redox potential of the 
complex, E0. E0 increases (125 mV) as electron-withdrawing groups are attached to positions not 
immediately adjacent to the Cu-binding site. It is presumed that electon-donating ligands may 
stabilize the Cu(II) oxidation state. Increases in E0 (~300 mV) are also observed with increasing 
steric demands of substituents in the 2 and 9 positions adjacent to the Cu site, leading to onset 
potentials for O2 reduction of up to 0.59 V vs. RHE. These substituents are thought to destabilize 
the Cu(II) oxidation state, distorting the square-planar coordination around the Cu(II).
 Literature precedent for binuclear copper catalysts has been relatively sparse. A di-Cu 
hexaaza-xylyl macrocyclic complex follows a 2e- reduction with an onset of ~0.6 V vs. RHE, but 
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with Cu-Cu spacing of 8.40 Å.28 The di-Cu complex formed with 1,2-bis(6-(bis(6-methylpyridin-
2-yl)methyl)pyridin-2-yl)ethane, closely resembling hemocyanin, demonstrates an onset at 0.40 
V vs. RHE at pH 2 and reduction is presumed to follow a 2e- pathway.29 The Cu complex formed 
from the tris(pyridin-2-ylmethyl)amine ligand (CuTPA) exhibits one of the highest onsets of 
synthetic Cu complexes at pH 1 of 0.53 V vs. RHE and at pH 7 of 0.69 V vs. RHE. Tafel slope 
analysis shows that this complex exhibits a 4e- reduction step. Additional loading studies also 
helped determine that reduction of O2 with this electrocatalyst indeed follows a di-Cu 
mechanism.29 Further studies based on the success of CuTPA, using similar ligands with varying 
linker lengths between the amine and pyridine groups, demonstrate that the onset of O2 reduction 
does not change.30  
 Thorum et al., using an approach modeled after the efficacy of laccase, has introduced the 
most efficient synthetic dicopper electrocatalyst for the ORR to date, shown in Figure 1.1.31,32 
The insoluble copper coordination complex, using bridging azole-type ligands, has a reported 
onset of 0.73 V (versus RHE) at pH 7 and is reported to maintain stability over a testing period 
of twenty-four hours. An obtained crystal structure shows that the Cu-Cu spacing is comparable 
to Cu spacing in laccase, approximately 3.5 Å.33 Precipitation of these complexes onto carbon 
black allows one to utilize characterization and fabrication techniques that have become standard 
in the arena of Pt/C catalyst analysis. Magnetic susceptibility measurements of the carbon-
supported complex demonstrate that spin pairing between Cu centers occurs, illustrating the 
presence of on-electrode synthetic multicopper sites. More recent studies of the oxygen reduction 
activity of CuDAT in the presence of several anions and poisons probed whether or not these 
multi-copper sites perform the key role of active site for the ORR.34 Using poisons that are 
known to coordinate Cu, a significant decrease in O2 reduction activity (up to ~200 mV decrease 
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in the onset potential) was observed in the presence of sodium fluoride, potassium thiocyanate, 
and ethanethiol. These results reveal the existence of an active site containing a neutral 
copper(II) complex, likely associated with O2 binding and reduction. It is expected that further 
activity enhancements can be achieved through the modification of the triazole ligand. By 
varying the ligand and its substituents, one can influence the final structure of the copper 
complex and, hence, design a more optimal copper active site. 
 
 
 
Figure 1.1. 3,5-Diamino-1,2,4-triazole ligands bridge two copper centers. 
 
 Ultimately, future catalyst design would benefit from borrowing structural characteristics 
found in the successful copper complexes observed in nature, while relying less on the use of 
precious metals as electrocatalysts. Not only is copper a non-precious metal, it is also abundant.  
Research focus for these copper complexes will remain centered on further reducing 
overpotentials, while achieving high current density and minimizing the production of side-
products, such as peroxide species. 
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Research Motivations and Goals 
• Based on the success of CuDAT, derivatives of the 1,2,4-triazole ligand and their 
resulting complexes with Cu are probed for their ability to act as an electrocatalyst for the 
reduction of dioxygen. 
• The fast screening of the catalytic properties, with specific attention to onset potential and 
current density, of copper complexes can be accomplished using the non-destructive 
technique of cyclic voltammetry. Further insight into the mechanistic details of dioxygen 
reduction can be achieved using data obtained from a rotating ring disk electrode. 
• Changing the complexing ligand can have dramatic effects on the resulting crystal 
structure. Here we determine how the structural characteristics of the resulting copper 
complexes impact their ability to effectively reduce dioxygen. 
• The eventual goal is to develop a copper system with activity approaching that of laccase. 
We take further strides toward synthesizing and supporting known trinuclear copper 
complexes on carbon and studying their electrochemical behavior towards oxygen 
reduction. 
 
1.3 Catalysts for the Electrochemical Reduction of CO2 to CO 
 Byproducts from the combustion of fossil fuels, specifically CO2, pose a hazard to the 
environment. It has been generally accepted that increasing amounts of CO2, a greenhouse gas, 
have contributed to global warming, leading to significant global climate change.35,36 In order to 
control CO2 emissions, several avenues have been proposed: development of more 
environmentally agreeable energy sources and technologies, reengineering current energy 
processes for increased efficiency, CO2 capture and sequestration, and conversion of CO2 to 
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beneficial products of economic value.37 Focusing primarily on the latter option, one could 
conceivably harness CO2 from the atmosphere to produce other usable fuels, utilizing renewable 
energy that stems from sources such as solar, wind, geothermal, and potentially safe nuclear 
energy.11  
 As a source of carbon, CO2 has been realized as a potential starting material for many 
organic chemicals such as urea, salicylic acid, dimethyl carbonate, synthesis gas, and acetic acid.  
The conversion of CO2 to fuels and chemicals is carried out on a large scale in nature by 
photosynthesis. However, several synthetic methods of converting CO2 to value-added chemicals 
have been introduced, such as homogeneous catalysis, heterogeneous catalysis, photocatalysis, 
photoreduction, and electrochemical reduction.38 However, with each of these strategies come 
inherent issues such as technological and economic feasibility.39 With respect to the latter, 
several advantages to using electrochemical methods have been identified. Electrochemical 
devices typically have higher achievable efficiency as compared to chemical/combustion devices. 
Furthermore, the surface free energy of the catalyst can be directly controlled via the electrode 
potential, allowing one to tune reaction rates and product selectivity.37  
 Current CO2 electrolyzers reduce CO2 at a cathode while the oxygen evolution reaction 
reaction (OER) takes place on the anode.40 Estimated from thermodynamic data, the standard 
reduction potentials (pH 7 in aqueous solution versus NHE) of the reduction of CO2 to liquid 
fuels or fuel precursors such as CO and H2 are as follows:41  
CO2 + 2H
+ + 2e- → CO + H2O   E
0
= - 0.53 V
CO2 + 2H+ + 2e- → HCO2H   E0 = - 0.61 V
CO2 + 4H
+ + 4e- → HCHO + H2O   E
0
= - 0.48 V
CO2 + 6H
+ + 6e- → CH3OH + H2O   E
0
= - 0.38 V
CO2 + 8H
+ + 8e- → CH4 +2H2O   E
0
= - 0.24 V
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For the multi-electron reductions of CO2, reductions become more thermodynamically favorable 
as the product is more reduced. However, transferring multiple electrons to the reduction site 
becomes a factor, limiting the feasibility of these processes. 
  For the electrochemical conversion of CO2 to be practical, the process must operate at 
high energy efficiency and at high reaction rates. Specifically, a high energetic efficiency, or 
overall energy utilization, is obtained through high selectivity (often reported as Faradaic or 
current efficiency) and low overpotentials.42 Relatively high Faradaic efficiency has been 
achieved. However, the primary impedance to improving energy efficiency is the high 
overpotentials. These high overpotentials describe the difference between the applied electrode 
potential and the thermodynamic potential of the reaction in focus at a given current density.41 It 
is the primary role of an electrocatalyst to assist in lowering these overpotentials, while 
improving both selectivity and increasing the reaction kinetics. 
Low temperature electrochemical systems typically rely on transition metal electrodes as 
heterogeneous catalysts in aqueous and non-aqueous electrolytes, producing a broad range of 
products. These metal electrodes are typically broken into four groups based on product 
selectivity.43 Pb, Hg, In, Sn, Cd, Tl, and Bi are known to produce formate ion as the main 
product. Au, Ag, Zn, Pd, and Ga produce CO as the major product. Cu electrodes give rise to a 
wide range of C1–C3 products.44 Ni, Fe, Pt, and Ti lead primarily to hydrogen evolution.  
Several comprehensive reviews on the work of homogeneous electrocatalysis have also 
been established.41,45 Most of the work involves the reduced states of transition metal complexes 
with macrocyclic ligands (forming complexes with Co, Ni, and Fe), bipyridine ligands (forming 
complexes with metals such as Re, Ru, and Rh) and phosphine complexes (typically formed with 
Rh and Pd, among other metals).7,38,46-49 These homogeneous catalysts demonstrate high 
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selectivity, but suffer from poor stability and experience significant declines in activity during 
extended use.41 
The limiting step in the reduction of CO2 is the formation of a CO2·- radical anion 
intermediate. This step has a standard potential of -1.9 V versus SHE in water due to the large 
reorganizational energy between linear molecule and bent radical anion, and is the reason for 
such high overpotentials.41,46 This potential can be improved by stabilizing the intermediate, 
which is one of the main functions of catalysts. It has also been determined that the potential 
necessary to form the radical anion can be shifted ~0.3 V by adsorbing it on a catalyst surface.36  
It should also be noted that hydrogen evolution also competes with CO2 reduction.42 In 
aqueous environments, water and carbon dioxide are reduced simultaneously at the cathode due 
to their similar reduction potentials (H+/H2O potential is -0.41 V vs. NHE compared to the 
CO/CO2 potential of -0.53 V vs. NHE). This can be advantageous with respect to the production 
of hydrocarbons via the co-electrolysis of H2O and CO2. However, thermodynamic preference is 
for the production of H2 rather than CO2 reduction, unless the H2 evolution reaction is suppressed. 
By varying factors such as the catalytic activity of the electrode, one can control the range of 
products formed, as well as the Faradaic efficiencies of their formation.38 
Borrowing from earlier discoveries in heterogeneous catalysis, our work is centered on 
catalysts that primarily reduce CO2 to CO. The electrochemical conversion of CO2 to CO is an 
important first step toward producing a variety of chemicals and fuels from CO2, where CO 
provides a valuable C1 starting material. CO can also be reacted with H2O by means of the water-
gas shift, producing H2. The CO/H2 mixture, known better as syngas, can be utilized for the 
generation of synthetic petroleum and liquid fuels via Fischer-Tropsch methods.50 
 12 
Experimental results, as well as density functional theory modeling, show that the noble 
metals Au and Ag are the most active transition metals for CO evolution.43,51 However, the high 
cost of these noble metal cathodes greatly impedes the practical use of these materials on the 
scale required for commercial fuel production. It is therefore apparent that catalyst modification 
is necessary, with the specific aim of reducing total loading of these noble metals while 
maintaining both high faradaic efficiency and high selectivity. 
 
Research Motivations and Goals 
• Catalyst performance improvements in terms of both efficiency and product 
selectivity are greatly needed in order to see electrochemical methods become a 
practical route for CO2 reduction. 
• Moving from planar electrodes to those decorated with metallic nanoparticles will 
greatly reduce total metal loading. Optimizing the support material upon which 
known active metals are deposited may lead to enhancements in metal utilization 
efficiency and provide a platform for advantageous metal deposition. 
• The addition of ligand systems to a CO selective metal may provide a co-catalytic 
effect, thereby potentially enhancing efficiency and providing a route for better 
tailoring of product selectivity. 
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Chapter 2 
 
Effect of Cu-Cu Distance and Ligation on the Oxygen Reduction Reaction  
with Supported Cu Complexes 
 
 
2.1. Introduction 
 The oxygen reduction reaction (ORR) has been studied extensively due to its relevance in 
the production of electrochemical energy in fuel cells.1 The development of efficient catalysts for 
the cathodic reduction of dioxygen continues to be a primary challenge hindering large-scale 
production and commercialization of low temperature fuel cells. Research in this field has 
focused largely on platinum and precious metal-based electrocatalysts.2-5 However, precious 
metals are expensive, limited in supply, display poor durability, and continue to exhibit high (ca. 
300 mV) cathodic overpotentials. Non-precious metal catalysts might offer a viable approach to 
producing inexpensive catalyst materials. However, non-precious metal catalysts typically 
exhibit reduced ORR activity and stability.2,6 
 Multicopper oxidases, such as laccase, have the ability to reduce dioxygen at potentials 
approaching 1.2 V vs. RHE.7 These proteins couple four one-electron oxidations of a substrate to 
the four-electron reduction of dioxygen to water. Four Cu atoms are involved in the ORR in 
laccase. Laccase contains one T1 or blue copper site and a T2/3 trinuclear copper site.7-10 The T1 
site (>13Å away from the T2/3 center) shuttles electrons from the substrate to the trinuclear site. 
 18 
The T2/T3 trinuclear cluster is the site of dioxygen binding and subsequent reduction. The 
crystal structure of the oxidized trinuclear site shows that a hydroxide bridges the strongly 
antiferromagnetically coupled T3 Cu(II) atoms and that the Cu-Cu spacing during cleavage of 
the O-O bond is <3.5Å.10 Nitrogen from histidine provides the remaining coordination 
environment in the T2/3 center. Enzymes containing only a type 3 active site, such as 
hemocyanin and tyrosinase, are not capable of the four-electron reduction of O2. The binuclear 
Cu active site of hemocyanin is involved in reversible dioxygen binding, whereas the active site 
of tyrosinase catalyzes the oxygenation of phenol to catechol coupled with the reduction of 
oxygen to water.11,12 Studies reveal that dioxygen binds as a peroxide in a side-on bridged (µ–
η
2
:η
2) motif, leading to the two-electron reduction of O2. It has been observed, however, that the 
substrate is able to access and directly coordinate to the copper site in tyrosinase, but not in 
hemocyanin.11 
 One way to obtain the efficiency offered by the multicopper oxidases for the ORR is to 
use these enzymes directly on an electrode surface. The modified electrode then exhibits the 
ORR activity of the oxidase. These constructs have been utilized in bio fuel cells and for other 
cathode applications.13,14 Although active at high potentials, these enzyme-modified electrodes 
are high in cost, show limited durability, operate within limited pH ranges, and exhibit low 
power densities because the amount of catalyst per area is small.1  
 Synthetic Cu complexes offer an ideal route to replicating the success of the multicopper 
oxidases.15 The most active synthetic complexes feature a binuclear active site, with Cu-Cu 
spacings comparable to those found in laccase, approximately 3.5 Å in structurally defined 
systems.16 More recent studies of the oxygen reduction activity using a copper complex of 3,5-
diamino-1,2,4-triazole (CuDAT) in the presence of several anions and poisons probed whether or 
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not these multi-copper sites perform the key role of active site for the ORR.17 Using poisons that 
are known to coordinate Cu, a significant decrease in O2 reduction activity (up to ~200 mV 
decrease in the onset potential) was observed in the presence of sodium fluoride, potassium 
thiocyanate, and ethanethiol. These results reveal the existence of an active site containing a 
neutral copper(II) complex, likely associated with O2 binding and reduction. 
 The Cu complex formed from the tris(pyridin-2-ylmethyl)amine ligand (CuTPA) exhibits 
one of the highest onsets of the binuclear Cu complexes at pH 1 of 0.53 V vs. RHE and at pH 7 
of 0.69 V vs. RHE. Tafel slope analysis shows that this complex exhibits a 4e- reduction step. 
Additional loading studies assisted in confirming that reduction of O2 with this electrocatalyst 
follows a di-Cu mechanism.18 Further studies based on the success of CuTPA, using similar 
ligands with varying linker lengths between the amine and pyridine groups, demonstrate that the 
onset of O2 reduction does not change.19  
 The presence of activity in the binuclear CuDAT and CuTPA complexes led us to wonder 
how the ORR activity of binuclear and trinuclear Cu complexes changes as a function Cu-Cu 
distance or inter-Cu ligation. In this work, we synthesized a group of similar copper-triazole 
complexes to study the effect of introducing substituents to the ligand on both the crystal 
structure and the structure’s subsequent activity towards oxygen reduction. We show how these 
structural changes influence how these complexes reduce dioxygen. 
 
2.2 Experimental 
 All reagents were analytical grade and used as received. High purity water (18 MΩ) was 
obtained from a Millipore water purification system. The 1,2,4-triazole ligand (Sigma-Aldrich, 
98%), 4-amino-3,5-di-2-pyridyl-4H-1,2,4-triazole ligand (Sigma-Aldrich, 97%), 3,4,5-triamino-
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1,2,4-triazole ligand (BIONET Research Intermediates, Key Organics, >95%), 3,5-diamino-
1,2,4-triazole ligand (Sigma-Aldrich, 98%), and CuSO4 · 5 H2O (Sigma-Aldrich, 99.999%)   
were used as received.  
 
2.2.1 Synthesis of Carbon-Supported Cu Complexes   
 The Cu complexes of 1,2,4 triazole (CuTri), 3,4,5-triamino-1,2,4-triazole (CuTAT), and 
3,5-diamino-1,2,4-triazole (CuDAT) were synthesized by addition of the respective triazole 
ligand to an aqueous CuSO4 solution in a 2:1 molar ratio. The Cu complex of 4-amino-3,5-di-2-
pyridyl-4H-1,2,4-triazole (CuABPT) was synthesized by addition of the dissolved ligand in 
methanol to an aqueous solution of CuSO4 in a 1:2 molar ratio. The resulting precipitates in each 
synthesis were collected and dried via vacuum filtration. In order to form crystals suitable for x-
ray structure determination, the Cu complex of 3,4,5-triamino-1,2,4-triazole was redissolved in 
H2O and green, plate-like crystals formed by slow evaporation. 
 The appropriate amounts of Cu complex to generate loadings of 30% complex on carbon 
were placed in an aqueous solution containing Vulcan XC-72 (Cabot Corporation) to create a 
suspension which was treated further by sonication for 1 hour. Material was collected by using 
centrifugation followed by drying in vacuo at 90ºC to produce the carbon-supported Cu catalyst. 
Cu complex with 1,2,4-triazole supported on Vulcan elemental analysis (%) found: C 74.29, H 
0.60, N 5.70, Cu 7.78. Nitrogen-copper ratio expected 4:1, found 3.3:1. Inferred ligand-Cu ratio 
expected 1:1, found 1.1:1. Cu complex with 4-amino-3,5-di-2-pyridyl-4H-1,2,4-triazole 
supported on Vulcan elemental analysis (%) found: C 79.58, H 0.73, N 3.73, Cu 4.30. Nitrogen-
copper ratio expected 3:1, found 3.9:1. Inferred ligand-Cu ratio expected 0.5:1, found 0.7:1. Cu 
complex with 3,4,5-triamino-1,2,4-triazole supported on Vulcan elemental analysis (%) found: C 
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85.36, H 0.47, N 4.81, Cu 2.83. Nitrogen-copper ratio expected 8:1, found 7.7:1. Inferred ligand-
Cu ratio expected 1.33:1, found 1.3:1. Cu complex with 3,5-diamino-1,2,4-triazole supported on 
Vulcan elemental analysis (%) found: C 83.59, H 0.44, N 4.61, Cu 3.72. Nitrogen-copper ratio 
expected 5:1, found 5.6:1. Inferred ligand-Cu ratio expected 1:1, found 1.1:1. 
 
2.2.2 Crystal Structure Analysis of CuTAT 
 The data crystal was mounted using oil (Parantone-N, Exxon) to a 0.3 mm cryo-loop 
(Hampton Research) with the (-2 -1 1) scattering planes roughly normal to the spindle axis. One 
distinct cell was identified using APEX2 (Bruker, 2004). Six frame series were integrated and 
filtered for statistical outliers using SAINT (Bruker, 2005) then corrected for absorption by 
integration using SHELXTL/XPREP V2005/2 (Bruker, 2005) before using SADABS (Bruker, 
2005) to sort, merge, and scale the combined data. A series of identical frames was collected 
twice during the experiment to monitor decay. No decay correction was applied. All 
measurements and subsequent analyses were performed by Danielle L. Gray, UIUC X-Ray 
Facility.  
 
2.2.3 Electrochemistry 
 Catalyst inks containing the carbon supported Cu-triazole complex (1.0 mg mL-1) and 
Nafion solution (4 µL mL-1, 5 wt%, Aldrich) were prepared in a 5% butanol-water mixture and 
sonicated prior to electrode preparation. A 20 µL drop of the catalyst ink was deposited on a 
rotating ring-disk electrode (Pine Instruments) comprised of a polished (0.05 micron alumina) 
glassy carbon disk electrode (0.196 cm2) with a Pt ring.  
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 Electrochemical measurements were made using a bipotentiostat (CH Instruments). The 
electrochemical cell consisted of a Pt gauze counter electrode and a “no-leak” Ag/AgCl 
reference electrode (Cypress), separated from the working electrode by means of a Luggin 
capillary. The reference electrode was calibrated to the RHE scale by saturating the cell with H2 
and measuring the open circuit potential at the Pt ring electrode. In order to control pH within the 
cell, Britton-Robinson buffer was prepared containing H3BO4 (0.04 M), H3PO4 (0.04 M), 
CH3COOH (0.04 M), and NaClO4 (0.1 M). Adjustments to the pH were made using 0.1 N NaOH. 
Collection efficiency of the rotating ring-disk electrode was measured in a 0.1 M KCl/10 mM 
K3[Fe(CN)6] solution. Using the measured limiting currents of the ring and disk at varying 
rotation rates, the collection efficiency was found to be 25.4%. 
 
2.3 Results  
2.3.1 Crystal Structures 
 Figure 2.1 shows the crystal structures of the four different complexes considered in this 
study.  Three of these structures have been reported prior to this work.   
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Figure 2.1. Crystal structures of 1,2,4-triazole coordinated with copper(II) sulfate (CuTri), 4-amino-3,5-bis(pyridin-
2-yl)-1,2,4-triazole coordinated with copper(II) sulfate (CuABPT), 3,4,5-triamino-1,2,4-triazole coordinated with 
copper(II) sulfate (CuTAT), and 3,5-diamino-1,2,4-triazole coordinated with copper(II) sulfate (CuDAT) (images 
for CuTri, CuABPT, and CuDAT imported from Cambridge Structural Database using Mercury 3.0; hydrogen 
atoms have been omitted for clarity). 
 
 Figure 2.1a shows the crystal structure obtained from coordination of copper(II) sulfate 
and 1,2,4-triazole (CuTri).20 This crystal structure features a triangular Cu(II) cluster with a µ3-
OH- group bridging the trinuclear cluster. The coordination of the Cu(II) sites is a “4+2” 
distorted octahedron with three of the coordinated ligands originating from triazole Ns, one from 
the bridging OH-, and two axial ligands formed from two waters or a water and a OH-. The Cu-
Cu spacing within this structure is 3.42 Å. 
 The crystal structure of the complex of copper(II) sulfate with 4-amino-3,5-bis(pyridinyl-
2-yl)-1,2,4-triazole (CuABPT) was reported by van Koningsbruggen et al.21 The structure is 
described as an asymmetric dinuclear unit, with two Cu(II) ions coupled by the triazole ligand 
CuTri 
CuTAT CuDAT 
CuABPT 
(b) 
(d) (c) 
(a) 
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and a bridging sulfato anion. The coordination environment around Cu(1) is square pyramidal, 
whereas the coordination sphere around Cu(2) is a tetragonally distorted octahedron. The Cu-Cu 
spacing is 4.42 Å, a result of the different coordination environments around the two different Cu 
centers. 
 Finally, Aznar et al. reported the crystal structure of the complex of copper(II) sulfate 
with 3,5-diamino-1,2,4-triazole (CuDAT).22 The complex exhibits two copper centers bridged by 
two guanazole ligands and one water molecule, where the Cu-Cu spacing is 3.49 Å. The 
coordination environment around the two Cu(II) sites are similar, however, one maintains a 
distorted square pyramidal coordination, while the second is octahedrally coordinated due to the 
presence  of an O atom from a sulfate anion. 
 The crystal structure obtained from coordination of copper(II) sulfate with 3,4,5-
triamino-1,2,4-triazole (CuTAT) was not available in the literature, and so is reported here.  The 
complex crystallizes in the P-1 space group. Figure 2.2 shows that the complex features a linear 
trinuclear unit, where the central copper atom shows a tetragonally distorted coordination. The 
bridging oxygen atom is not from a water molecule but a sulfate group. The Cu-Cu spacing of 
this complex is 3.47 Å. The data collection and refinement data are given in Table 2.1, while 
selected interatomic bond distances and angles are reported in Table 2.2. 
 
Figure 2.2. Molecular structure of CuTAT showing 35% probability ellipsoids for non-H atoms and circles of 
arbitrary size for H atoms. 
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Table 2.1. Selected Crystallographic Data and Structure Refinement for CuTAT. 
Empirical formula C8 H50 N24 O25 S3 Cu3 
Formula weight 1169.52 
Temperature 193(2) K 
Wavelength 0.71073 Å 
Crystal system Triclinic 
Space group P-1 
Unit cell dimensions 
a = 9.6586(5) Å        α = 100.187(3)° 
b = 10.2449(4) Å        β = 98.011(2)° 
c = 10.6017(5) Å        γ = 94.770(2)° 
Volume 1016.16(8) Å3 
Crystal size 0.442 x 0.171 x 0.092 mm3 
Z 1 
Absorption coefficient 1.825 mm-1 
Density (calculated)  1.911 mg/m3 
F(000) 601 
Theta range for data collection 1.98 - 25.40° 
Data / restraints / parameters 3733 / 50 / 407 
Final R indices [I > 2σ(I)] R1 = 0.0297, wR2 = 0.0753 
R indices (all data) R1 = 0.0370, wR2 = 0.0799 
Goodness-of-fit on F2 1.041 
Largest diff. peak and hole 0.476 and -0.506 e Å-3 
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Table 2.2. Selected Bond Lengths [Å] and Angles [°] for CuTAT. 
Cu(1)-N(7)  1.976(2)  N(7)-Cu(1)-N(1) 90.25(9) 
Cu(1)-N(1)  1.982(2)  N(7)-Cu(1)-O(7) 100.3(2) 
Cu(1)-O(6)  2.017(2)  N(1)-Cu(1)-O(7) 105.25(18) 
Cu(1)-O(5)  2.019(2)  N(7)-Cu(1)-O(1) 91.47(8) 
Cu(1)-O(7)  2.258(8)  N(1)-Cu(1)-O(1) 86.41(8) 
Cu(1)-O(1)  2.3825(19)  N(8)-Cu(2)-N(2) 89.91(9) 
Cu(2)-N(8)  1.994(2)  N(8)-Cu(2)-O(1) 89.86(8) 
Cu(2)-N(2)  2.009(2)  N(2)-Cu(2)-O(1) 83.12(8) 
Cu(2)-O(1)  2.4224(18)  S(1)-O(1)-Cu(1) 120.53(10) 
N(1)-N(2)  1.419(3)  S(1)-O(1)-Cu(2) 143.87(12) 
N(7)-N(8)  1.417(3)  Cu(1)-O(1)-Cu(2) 92.43(6) 
Cu(1)-Cu(2) 3.468(5)    
 
2.3.2 Cyclic voltammetry 
 Figure 2.3 shows differential pulse voltammetry obtained from each of the four 
complexes considered following support onto carbon. The peaks in the voltammetry are 
associated with the Cu(II)/Cu(I) couple, and the observed E0 values for this couple range from 
0.48 V for CuABPT to 0.60 V for CuTri. The formal potential of the Cu(II)/Cu(I) couple is 
shifted to more positive potentials in the order of CuTri > CuTAT > CuDAT > CuABPT. The 
separation between peak potentials for the copper catalysts varies from ~30 mV (CuDAT) to ~60 
mV (CuTAT), demonstrating that the redox couple is electrochemically reversible in these cases. 
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Figure 2.3. Differential pulse voltammetry for each of the four substituted triazoles in Britton-Robinson buffer (0.04 
M, pH 7) under an Ar atmosphere (100 mV/s). 
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2.3.3 ORR results 
 Figure 2.4a shows the potential dependence of the ORR in an oxygen-saturated 
electrolyte at pH 7 for each of the catalysts described above supported on carbon using a Pt 
ring/glassy carbon disk electrode. The onset potential was defined as the potential at which the 
current density reaches -20 µA cm-2 during the cathodic scan.  This arbitrary onset represents ca. 
0.5% of the limiting current density. 
 Figure 2.4b shows the current obtained at the ring for the four complexes considered here.  
By holding the ring at a sufficiently positive potential (1.2 V vs. RHE), any intermediate species 
that reaches the ring is oxidized, resulting in a measurable ring-current attributed to the relative 
amount of intermediates formed.23 Ring current is typically associated with the presence of 
peroxide, which is oxidized to water in a two-electron process. There is no ring current found 
absent solution oxygen.  
 
 
 
Figure 2.4.  Dioxygen reduction at a rotating (1600 rpm) Pt ring/glassy carbon disk electrode in Britton-Robinson 
buffer (0.04 M, pH 7) saturated with O2. a) Current density measured at the disk (jdisk) and b) current measured at the 
ring (Iring). Potential at the disk was scanned at 10 mV/s and the ring potential was held constant at 1.2 V vs. RHE. 
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 Oxygen reduction on bare carbon alone yields a steady state current of -3 mAcm-2 with a 
relatively low onset potential of approximately 0.54 V at the neutral pH used here. This level of 
current is typically that associated with two-electron reduction of oxygen to peroxide, and indeed 
Koutecky-Levich analysis of this curve (vida infra) shows that oxygen reduction on bare carbon 
in a neutral pH solution is a two-electron process.24 Substantial ring current is observed 
throughout the potential region at which oxygen reduction occurs for the bare carbon. This ring 
current is associated with peroxide since it is well-known that carbon only participates in two-
electron reduction of oxygen in acidic or neutral pH solutions.25 All of the other catalysts 
considered here produce less peroxide than that found from carbon alone. 
 The onset of O2 reduction for CuTri occurs at approximately 0.70 V. However, a steady-
state diffusion limited current density is not reached until the potential is scanned to significantly 
more negative potentials, reaching a value of approximately -5.4 mAcm-2. Irreversibility between 
anodic and cathodic scans was also observed for CuTri, specifically in the mixed kinetic 
diffusion-control region. Ring data from CuTri shows that this catalyst generates greater amounts 
of peroxide intermediates than both CuDAT and CuTAT. Maximum current values of ~60 µA 
are observed at more negative potentials, but diminish as the diffusion limited region is reached.   
 Interestingly, the CuTri catalyst exhibits more ORR current and less peroxide following 
negative potential excursion. We speculate that moving the potential to -0.4 V yields a reduced 
center with possible removal of the bridging OH-. This removal could be the cause of the 
somewhat greater activity and lower peroxide yield at these potentials. 
 CuABPT exhibits an onset potential of ~0.66 V, which is slightly reduced from that 
found for the CuTri complex. Although limiting current is not reached in this system, a current 
density of approximately -4.1 mAcm-2 is achieved, a value that is greatly reduced in comparison 
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to the other three catalysts. CuABPT shows that at approximately 0.6 V, measureable ring 
currents are observed. Ring current continues to increase as the potential is scanned in the 
negative direction, with a small dip in current at ~0.15 V. Maximum ring current values of ~30 
µA are reached at significantly negative potentials. 
 The onset of oxygen reduction for CuTAT occurs at ~0.68 V and reaches a steady-state 
diffusion limited current of approximately -5.0 mAcm-2 at potentials below 0.2 V. At more 
negative potentials, CuTAT shows the production of increasing amounts of peroxide species 
through the potential window, resulting in a maximum current of approximately 20 µA. 
 Finally, the onset of oxygen reduction for CuDAT occurs at ~0.67 V and reaches the 
largest diffusion-limited current density of approximately -5.6 mAcm-2 at potentials below 0.1 V. 
Pt ring data shows that CuDAT produces the least amount of peroxide species over the potential 
range investigated, with maximum currents of less than 10 µA produced at potentials only 
slightly more negative than the onset potential of O2 reduction.  
 
2.3.4 Koutecky-Levich Analysis 
 Measurements of the steady-state oxygen reduction current as a function of the electrode 
rotation rate at potentials approaching the region of diffusion-limited current allow the 
construction of Koutecky-Levich plots.26 Here 
lk iii
111
+=
      (1) 
where ik represents the kinetically controlled current and il is the rotation rate dependent current. 
The Levich equation describes the diffusion limited current at the rotating disk electrode used in 
these studies: 
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     (2) 
where n is the number of electrons transferred, F is Faraday’s constant, A is the geometric 
surface area of the electrode (0.196 cm2), DO is the diffusion coefficient of oxygen (1.7 x 10-5 
cm2 s-1), v is the kinematic viscosity (0.01 cm s-1), CO is the bulk concentration of oxygen (1.3 x 
10-6 mol cm-3), and ω is the angular velocity of the electrode (rad s-1).27 A plot of i-1 vs. ω-1/2 
generates linear plots (Figure 2.5), where the average of the slopes calculated from linear fits of 
the data is used to find the number of electrons, n, transferred during the reaction. 
 The Koutecky-Levich plot generated from the use of Vulcan as an O2 reduction catalyst 
reveals the transfer of approximately 2.3 electrons, which is consistent with the RRDE results 
reported above. 
 Koutecky-Levich plots (Figure 2.5) of CuTri and CuABPT describe the transfer of 
approximately 3.6 electrons and 3.3 electrons, respectively at -200 mV. Both catalysts never 
appear to reach a region of diffusion limited current, however. Koutecky-Levich plots for both 
CuDAT and CuTAT show that an average of 4 and 3.3 electrons are transferred, correlating well 
with data collected from ring measurements.  
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Figure 2.5. Koutecky-Levich plots of the inverse of the steady-state oxygen reduction current versus the inverse 
square root of the electrode rotation rate for the copper complexes. 
  
 33 
2.3.5 Tafel Analysis of Cu Complexes 
 From the K-L plots Tafel slopes, shown in Figure 2.6, can be obtained following standard 
methods. While the Tafel behavior of the complexes studied here is complex, all of these exhibit 
Tafel slopes in the region between 0.55 and 0.35 V between 190 mV/decade and 410 mV/decade 
(Table 2.3). All of these are larger than the 120 mV/decade value anticipated if the rate 
determining step is an initial one electron transfer.   
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Figure 2.6. Tafel plots of potential, E, versus the log of the mass transport corrected kinetic current, jk. Linear fits of 
the low overpotential (solid line) and high overpotential (dotted line) regions for each catalyst demonstrate varying 
Tafel slopes for A) CuTri, B) CuABPT, C) CuTAT, D) CuDAT, and E) Vulcan carbon. 
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Table 2.3. Tafel slopes reported for both high and low overpotential regions for each of the 
electrocatalysts in this study. 
Potential 
Range (V) 
Vulcan 
(mV/dec) 
CuTri 
(mV/dec) 
CuABPT 
(mV/dec) 
CuTAT 
(mV/dec) 
CuDAT 
(mV/dec) 
0.55 → 0.35 - 410 270 300 190 
0.30 → 0.10 220 550 710 730 270 
 
 
2.3.6 Peroxide Formation 
 Plots of the percentage of peroxide formation as a function of the electrode potential 
provide further evidence for the existence of 4 e- and 2 e- mechanisms in the different Cu 
complexes. The fraction of peroxide formed in the course of the ORR, χH2O2, can be calculated 
from the measured disk currents, ID, the ring currents for peroxide oxidation, IR, and the 
collection efficiency of the RRDE configuration, N, according to Eq. 1. 28 
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 Figure 2.7 shows the potential dependence of the percentage of peroxide produced for 
each of the complexes considered here. The percentage of peroxide produced peaks at greater 
than 50% for CuTri when looking at potentials between -0.1 and 0.4 V, but decreases at more 
negative potentials. CuABPT produces a fairly consistent amount of peroxide over the potential 
window, where values span the range of 15-35%. CuTAT shows consistent production of 
peroxide over the potential range of interest, where values are ~10%. CuDAT shows the least 
amount of peroxide production, where values decrease to ~2% at potentials below 0.2V. 
 36 
 
Figure 2.7. Plots of the percentage of peroxide formation as a function of electrode potential for each of the four 
copper complexes. 
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2.4. Discussion 
 This study places some constraints on the design of binuclear Cu catalysts that reduce 
oxygen to water. The studies presented here show that different Cu complexes produce different 
amounts of peroxide and reduce O2 in what are primarily either 2 or 4 e- processes. Both CuDAT 
and CuTAT reduce O2 in what is mainly a 4 e- process, with little attendant peroxide formation. 
They share a common motif in that the binuclear Cu sites exhibit a) Cu-Cu spacing of ~ 3.5 Å 
and b) a relatively weak ligand bridging the Cu centers. In the case of CuDAT, this ligand is 
water, while an anion is found in CuTAT. In contrast, CuTri and CuABPT are predominantly 2 
e- O2 reduction catalysts. In the case of the former, the trinuclear site is bridged by a µ-OH, 
which appears to be strongly bound. Indeed, strong Cu—O σ-bonds within the µ3-oxo-bridged 
native intermediate (NI) structure of the multicopper oxidases have been suggested by the 
presence of large superexchange coupling constants found in this complex.29 In the case of the 
latter complex, the Cu-Cu distance is 4.5 Å, substantially longer than the 3.5 Å found in the 
active materials. The longer distances or more strongly associated anions result in increased 
peroxide yield, and effective n values less than four. 
 Interestingly, the peroxide yield in the CuTri complex becomes substantially less and the 
value of the limiting current significantly greater at the most negative potentials. We speculate 
that the bridging hydroxide is no longer stable at these potentials and is liberated, yielding a 
more competent ORR catalyst.  However, this OH-bridge must reform as the potential is returned 
to more anodic values, leading again to peroxide formation.   
 Calculations for similar binuclear Cu systems, such as those in hemocyanin, provide 
some insight to the influence of structural characteristics on O2 binding. The binuclear Cu site of 
oxyhemocyanin exhibits peroxide bound in a side-on µ-η2: η2 bridged coordination mode, where 
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both Cu(II) display square pyramidal geometry and are located 3.6 Å  apart. Cu(I) sites in 
deoxyhemocyanin possess distorted trigonal planar geometry and exhibit varying Cu-Cu 
distances of 4.6 Å (tense state) and 3.5 Å (relaxed state).30,31 In comparison, Cu-Cu spacing 
exhibited in the tri-copper active site of laccase can vary from <3.5 Å in the oxygenated native 
intermediate to the >5 Å in the reduced form of the enzyme.10 Upon O2 binding in the 
hemocyanin, ligand reorientation leads to changes in copper coordination geometry. 
Computational studies of electronic structure and mechanism reveal that as O2 approaches the 
binuclear Cu site, its coordination mode follows first the end-on η1 -η1 coordination mode, then 
µ-η
1
: η
2
, and finally µ-η2: η2. This side-on geometry leads to a large overlap between the O22- pi* 
and the two Cu
 
dx2-y2 orbitals, providing a pathway for the reduction of O2 to at least the peroxide 
level.13 Calculations demonstrate that the two Cu(I) sites are held in close proximity due to the 
protein matrix, assisting in the destabilization of the reduced binuclear site, enthalpically and 
entropically favoring binding of O2.30 Further studies reveal that a spin state transition from S = 1 
to S = 0 occurs as a result of decreasing Cu-Cu distance.13 Hence, control of Cu-Cu spacing 
allows regulation of the exothermic nature of O2 binding. We suggest that the ca. 3.5 Å spacing 
found to be better for the ORR in the binuclear Cu complexes studied here is in part a 
consequence of this optimal O2 association.  
 We next explore changes in the onset potential for the ORR in these complexes. While 
the potentials of the Cu(I)/Cu(II) couples in these complexes varies by 120 mV, the onset 
potentials differ by 40 mV.  However, the order of the onset potential mimics that of potential of 
the Cu(I)/Cu(II) couples in the complexes studied here. Positive shifts in onsets for the ORR are 
typically associated with positive shifts of the Cu(I/II) couple.  For example, Zhang and Anson in 
their work interrogating adsorbed complexes of Cu(II) with substituted 1,10-phenanthroline 
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ligands27,32,33 showed that the potentials of O2 reduction were close to, or more positive than the 
potentials of the Cu(I)/Cu(II) couples. Likewise, Chidsey, et al. showed that substantial changes 
in ORR onset for substituted Cu phenanthroline complexes adsorbed on graphite could be 
correlated with changes in the Cu(I)/Cu(II) potential, albeit at somewhat more negative 
potentials than are discussed here.34 
An interesting observation is that the most negative onset potential for the complexes 
studied here is found some 60 mV more positive than any of the Cu(I/II) couples. This effect was 
found previously in our study of a copper complex of tris(2-pyridylmethyl)amine.19 We found 
that that by increasing the potential of the Cu(I)/Cu(II) couple by 300 mV via substitution of an 
ethylene group for the methylene group led to no change in the onset potential for the ORR. This 
observation suggests that the mechanism of the ORR must involve a rate-determining step not 
directly associated with the reduction of the cupric ions, a result further emphasized here.  
Coupled with the large Tafel slopes observed here and in prior work, the suggestion is that O2 
coordination might be rate limiting, with possible structural rearrangements required before 
reduction occurs.  
 This work shows that different binuclear Cu complexes exhibit different efficacies for the 
ORR around pH 7. Those exhibiting Cu-Cu spacings around 3.5 Å with relatively weak 
coordination between the Cu atoms are good ORR catalysts. Alternatively, longer Cu-Cu 
distances or stronger coordination between Cu centers leads to materials exhibiting two electron 
oxygen reduction at best. More generally, the Tafel slopes exhibited by all of the binuclear 
complexes studied here are too large, which suggests that a new synthetic platform featuring a 
three-Cu active site, like that found in the multi-copper oxidases, might be an appropriate target 
for the future.   
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Chapter 3 
Nitrogen-Based Catalysts for the Electrochemical Reduction of CO2 to CO 
 
Reproduced with permission from Tornow, C. E.; Thorson, M. R.; Ma, S.; Gewirth, A. A.; 
Kenis, P. J. A. Journal of the American Chemical Society 2012, 134 (48), 19520-19523. Copy-
right 2012 American Chemical Society. 
 
 
3.1 Introduction 
 The electrochemical reduction of CO2 offers a viable route for reducing and recycling at-
mospheric CO2 emissions.1 Specifically, CO2 can be reduced through a CO intermediate to pro-
duce energy dense chemicals and fuels.2 However, this ‘artificial photosynthesis’ via an electro-
chemical process for CO2 reduction is inhibited by the lack of catalysts for CO2 reduction with 
(a) sufficiently low overpotentials to be energetically efficient1,3-5 and (b) high enough current 
densities to be profitable.1,6 While electron conversion efficiencies of greater than 50 percent can 
be obtained, this efficiency comes at the expense of very high overpotentials (~1.5 V).7 Conse-
quently, more efficient and higher throughput catalysts are needed.3,7-9 
 In prior work, four distinct classes of pure metal catalysts have been identified for CO2 
reduction. Those selective for carbon monoxide production include Ag, Au, Zn. Those selective 
for formic acid production include Sn, Cd, Ti. Those selective for hydrogen production include 
  
44 
Pt, Ni, Fe, and those selective to produce a wide range of hydrocarbons include Cu.4,10-13 Of 
these catalysts, we are most interested in studying those selective for CO production as they ex-
hibit the highest energetic efficiencies.1 Using one of the catalysts selective for CO, Ag, it has 
been previously demonstrated that the ionic liquid, EMIM BF4, serves as a co-catalyst and re-
duces the onset potential for CO2 production.3 Similarly, the presence of pyridinium in an elec-
trolyte solution improves the selectivity for electrochemical reduction of CO2 to methanol at low 
overpotentials when using copper as the cathode catalyst.14-16 These studies indicate that N-based 
complexes can significantly assist the electrochemical reduction of CO2 in terms of reducing the 
overpotential and increasing the product selectivity. Furthermore, metallophthalocyanines have 
been shown to improve the catalytic activity of metal catalysts for CO2 reduction.17 
 Here, we interrogate four N-based organometallic silver catalysts with the goal to reduce 
reaction overpotentials, improve reaction selectivity, and increase reaction rates for CO2 reduc-
tion: (1) silver pyrazole supported on carbon (AgPz/C), (2) silver phthalocyanine supported on 
carbon (AgPc/C), (3) silver 3,5-diamino-1,2,4-triazole supported on carbon (AgDAT/C), and 
(4) silver tris[(2-pyridyl)methyl]amine supported on carbon (AgTPA/C). These catalysts were 
tested on a glassy-carbon electrode in a three-electrode cell, as well as on gas diffusion elec-
trodes (GDE) (carbon paper) in a flow reactor, for their catalytic activity for CO2 reduction.  
 
3.2 Experimental 
Catalyst Syntheses 
High purity water (18 MΩ) was obtained from a Millipore water purification system. All 
reagents were analytical grade and used as received. Silver nanoparticles were obtained from 
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Sigma-Aldrich (silver nanopowder, <100 nm particle size, 99.5% trace metal basis). Carbon-
supported Ag (60 wt % Ag on Vulcan XC-72) was obtained from E-TEK.   
Silver phthalocyanine (75 % dye content, Sigma-Aldrich) (61.7 mg) was readily dis-
solved in H2O. Vulcan XC-72 carbon (162.7 mg, Cabot Corporation) was added to the solution 
and the mixture was sonicated for 30 minutes and allowed to sit overnight. The sample was cen-
trifuged once and placed in oven at 120ºC for 24 hours. 
Silver pyrazole (AgPz) was synthesized according to Masciocchi, et al. in the presence of 
Vulcan.18 AgNO3 (35.5 mg, Allied Chemical, 99.9%) was dissolved in H2O. To this, ~0.5 mL 
NH3 (25% water solution) was added. Vulcan (160.8 mg) was added and the mixture was soni-
cated for 10 minutes. H2O solvated pyrazole (31.9 mg, Sigma-Aldrich, 98%) was added drop-
wise and the resulting mixture was sonicated for 30 minutes. This was allowed to sit overnight. 
The mixture was centrifuged and placed in a vacuum oven at 90ºC for 4 hours. 
The silver complex of tris[(2-pyridyl)methyl]amine (AgTPA) was synthesized using a 1:1 
molar ratio of TPA to Ag. The TPA ligand (44.4 mg) was synthesized according to the methods 
of Canary, et al. and was readily dissolved in EtOH.19 Ag2SO4 (30.4 mg, Sigma-Aldrich, 
99.999%) was dissolved in H2O. Vulcan (156.3 mg) was added to the solution of Ag2SO4 and the 
solution was sonicated for 10 minutes.  TPA solution was added dropwise to the carbon mixture.  
The resulting mixture was sonicated for an additional 30 minutes and allowed to sit overnight. 
The mixture was centrifuged once and placed in a vacuum oven at 90ºC for 4 hours. 
The silver complex of 3,5-diamino-1,2,4-triazole (AgDAT) was synthesized using a 2:1 
molar ratio of DAT to Ag. The DAT ligand (502.4 mg, Sigma-Aldrich, 98%) was dissolved in 
H2O and Ag2SO4 (393.3 mg) was also dissolved in H2O.  Vulcan (2.0325 g) was added to the 
solution of Ag2SO4 and sonicated for 10 minutes. The solution of DAT was added dropwise to 
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the carbon suspension and the resulting mixture was sonicated for 30 minutes and allowed to sit 
overnight. The mixture was centrifuged once and placed in a vacuum oven at 90ºC for 4 hours. 
 
Composition 
AgDAT/C, AgPc/C, AgTPA/C, and AgPz/C catalysts were found to have silver mass % 
loadings of 8.62, 6.25, 4.32, and 2.51, respectively.   
 
Three-Electrode Cell Operation 
The three-electrode cell experiments were carried out using a CH Instruments bipotentio-
stat. The electrochemical cell consisted of a Pt gauze counter electrode and a “no-leak” Ag/AgCl 
reference electrode (Cypress), separated from the working electrode by means of a Luggin capil-
lary. The catalysts for the three electrode cell experiments were prepared as follows: catalyst inks 
containing the carbon supported Ag complex (1.0 mg mL-1) and Nafion solution (4 µL mL-1, 5 
wt%, Aldrich) were prepared in a 5% butanol-water mixture and sonicated prior to electrode 
preparation. A 20 µL drop of the catalyst ink was deposited and dried under flowing Ar on a ro-
tating ring-disk electrode (Pine Instruments), comprised of a polished (0.05 micron alumina) 
glassy carbon disk electrode (0.196 cm2) with a Pt ring. 
 
Reactor Operation 
An Autolab potentiostat (PGSTAT-30, EcoChemie) controlled the cell potential and 
measured the resulting current as previously reported.20,21 The individual electrode potentials 
were measured using multimeters connected to each electrode and a Ag/AgCl reference electrode 
(RE-5B, BASi) in the exit stream. The cell was allowed to reach steady state for 200 s, after 
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which, the gas flowed into a gas chromatograph (GC) (Trace GC, Thermo) for composition 
analysis of H2 and CO in the effluent gas streams. The current was averaged for an additional 
130 s before stepping to the next potential. All experiments were run at ambient conditions. The 
electrode potentials were not corrected for IR drop. A mass flow controller (32907-80, Cole 
Parmer) was used to flow CO2 from a cylinder at 7 SCCM. Also, a syringe pump (PHD 2000, 
Harvard Apparatus) supplied the 1 M KOH electrolyte at 0.5 mL/min. The effluent gas stream 
flowed directly into a gas chromatograph (Thermo Finnegan Trace GC) operating in the thermal 
conductivity detection (TCD) mode, which uses a Carboxen 1000 column (Supelco) and a He 
carrier gas at a flow rate of 20 SCCM. The column was held at 150°C and the TCD detector was 
held at 200°C. All of the experiments in this study used a 1 mg/cm2 cathode loading on Sigracet 
35BC. All of the anodes used in this study had a 1 mg/cm2 Pt loading on Sigracet 35BC.   
 
3.3 Results 
 Scheme 3.1 shows molecular structures for the catalysts tested here. The crystal structure 
of AgNO3 complexed with pyrazole is known.18,22 The structure of silver phthalocyanine is also 
known.23 The complex formed when AgNO3 is added to methyl-substituted TPA is mononu-
clear.24 However, we have not been able to obtain a crystal structure of the un-substituted TPA 
ligand complexed with Ag2SO4. A structure for the complex formed from the DAT ligand and 
AgNO3 has been reported, but the analogous sulfate salt is not known.25 The structural expecta-
tions for AgTPA and AgDAT are based on these literature precedents. The role of the carbon sup-
port on the resulting structure of these complexes is also unknown. 
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Scheme 3.1. Proposed structures for the N-based organometallic silver catalysts. 
 
  
 We tested the catalytic activity of the synthesized catalysts relative to that of ca. 70 nm 
diameter Ag nanoparticles (Ag) and 60 wt.% Ag (>100 nm diameter) on C (Ag/C) using a flow 
reactor operated as reported previously.3,20 Figure 3.1a shows the partial current density for CO 
production as a function of applied cathode potential with the four cathode catalysts and two Ag 
catalysts (Ag) and (Ag/C), all at a loading of 1 mg/cm2 in the electrochemical flow reactor (1 M 
KOH under ambient conditions). Comparable performance was observed with Ag nanoparticles 
as the cathode catalyst relative to three of the synthesized cathode catalysts, AgDAT/C, AgPz/C, 
and AgPc/C. Specifically, the partial current density for CO observed with the AgDAT/C, 
AgPz/C, AgPc/C, and Ag catalysts was approximately 95 mA/cm2 at a cathode potential of -
1.8 V vs. Ag/AgCl. Similar values have been reported for a Teflon-backed Ag GDE (10 cm2), 
demonstrating current densities of approximately 50 mA/cm2 (20ºC) and 80 mA/cm2 (80ºC) at 
approximately -1.7 V vs. Ag/AgCl.26 While these four catalysts had comparable performance for 
CO formation, one of the Ag complex materials, AgTPA/C, and the Ag/C catalyst showed poor 
kinetics for CO production as seen in Figure 3.1a. Corresponding partial current densities for H2 
from the six materials (Figure 3.1b) show that H2 production is significantly higher when Ag/C is 
used as the catalyst as compared to the other catalysts.   
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Figure 3.1. Partial current densities vs. cathode potential for (a) CO, (b) H2, relative to the electrode area, as well as 
(c) the partial current density for CO, relative to the cathode silver loading. 
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 The advantage of the organometallic catalysts lies in their low mass fraction of silver. 
Remarkably, the organometallic catalysts exhibit similar performance for the formation of CO 
compared to the Ag catalyst (Figure 3.1a), but this performance is achieved at much lower total 
silver loading (Figure 3.1c). Specifically, the partial current density for CO production relative to 
the Ag loading is more than an order-of-magnitude higher when AgDAT, AgPz, or AgPc instead 
of Ag is used as the cathode catalyst.   
 Cyclic voltammetry (CV) measurements (Figure 3.2) show that the Ag, AgDAT, AgPz, 
and AgPc catalysts exhibit a decrease in the onset potential and an increase in the current density 
in the presence of CO2 as compared to when Ar is the reactant gas, behavior that confirms the 
observations from the flow reactor. CV measurements were made in a 3-electrode cell with a 
1 M KOH electrolyte and a scan rate of 25 mV/s. Six catalysts were tested including: silver (Ag), 
carbon-supported silver (Ag/C), carbon-supported silver triazole (AgDAT), carbon-supported 
silver pyrazole (AgPz), carbon-supported silver trispyridylmethylamine (AgTPA), and carbon-
supported silver pthalocyanine (AgPc) with either CO2 or Ar bubbled through the electrolyte 
prior to CV measurements. These graphs provide information regarding the onset potentials for 
various products and the product selectivity. When CO2 is substituted for Ar as the reactant gas, 
with Ag, AgDAT, AgPz, or AgPc as the cathode catalysts, (a) an earlier onset potential and (b) 
an increase in the current density are observed. The improved performance in the presence of 
CO2 suggests that Ag, AgDAT, AgPz, and AgPc are active for CO2 reduction and aid in the pro-
duction of a carbon product (e.g., CO, CH4, C2H4, CHOH, or HCO2H). However, with AgTPA 
as the cathode catalyst, when CO2 is substituted for Ar as the reactant gas, no change in the cur-
rent density is observed. This may suggest that the kinetics for CO2 reduction for the AgTPA 
catalyst may be quite slow. Compared to the other catalysts, AgTPA appears to suppress CO2 
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reduction kinetics. Lastly, while higher current densities are achieved with Ag/C as opposed to 
Ag, it demonstrates poor selectivity for CO2 reduction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Cyclic voltammetry measurements of reduction activity of Ag catalysts with a CO2 feed compared to 
their respective activity under Ar. Data was recorded in 1 M KOH at 25 mV/s. 
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Table 3.1 compares the onset potentials as determined by the potential at which a specific 
current density is achieved. Earlier onsets are seen with the Pz, Pc, and DAT in the presence of 
CO as compared to Ag (Pz<DAT<Pc<Ag).   
 
Table 3.1. Comparison of onset potentials for catalysts under CO2 and Ar, reported as the potentials at which the 
current density reaches -0.05, -0.1, and -0.2 mA/cm2. 
Onset Potentials under CO2 (V) Onset Potentials under Ar (V) 
Catalyst 
-0.05 mA/cm2 -0.1 mA/cm2 -0.2 mA/cm2 -0.05 mA/cm2 -0.1 mA/cm2 -0.2 mA/cm2 
Ag -1.20 -1.22 -1.25 -1.38 NA NA 
Ag/C -0.86 -0.92 -1.00 -0.93 -1.00 -1.09 
AgDAT/C -1.03 -1.14 -1.21 -1.08 -1.20 -1.29 
AgTPA/C -1.09 -1.16 -1.24 -1.14 -1.20 -1.26 
AgPz/C -1.01 -1.13 -1.21 -1.06 -1.19 -1.30 
AgPc/C -1.05 -1.15 -1.24 -1.18 -1.26 -1.34 
 
The onset for H2 is as follows: Ag/C<Pz<DAT<TPA<Pc<Ag. Ag/C has a very early on-
set potential in the presence of Ar, thereby suggesting a reduction in the onset potential for H2 
production. Because no improvement is observed for the Ag/C catalyst from the bubbling of CO2 
in the electrolyte solution, carbon products (e.g., CO, CH4, C2H4, CHOH, or HCO2H) are not ex-
pected in the flow reactor tests.   
 Figure 3.3 demonstrates that AgDAT, AgPz, and AgPc also exhibit significantly higher 
Faradaic efficiencies for CO production relative to AgTPA and Ag/C. Of the organometallic 
catalysts, the highest Faradaic efficiency (>90%) was achieved using AgDAT/C at cathode po-
tentials below -1.5 V vs. Ag/AgCl. Again, similar values have been reported for a Teflon-backed 
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Ag GDE (10 cm2), where Faradaic efficiencies were >90% at potentials below -1.4 V vs. 
Ag/AgCl, albeit with much higher Ag loadings.26 
 
 
Figure 3.3. Faradaic efficiency vs. cathode potential for the four synthesized catalysts, as well as for Ag and Ag/C. 
 
 N-containing compounds may act as a co-catalyst in the electrochemical reduction of 
CO2 even when introduced as a neat material.3 Here we questioned whether the N-containing 
ligands employed might also enhance CO production on a less active material. To examine the 
co-catalytic efficacy of these ligands, DAT was added to the Ag/C catalyst solution and sonicated 
before being hand-painted on a Sigracet 35BC electrode. Specifically, DAT was added to the 
Ag/C catalysts solution such that the DAT to Ag/C ratio was 30 to 100 on a per mass basis. Fig-
ure 3.4 compares the performance of the Ag/C catalyst to that where the Ag/C catalyst is com-
bined with DAT. The addition of DAT to the catalyst improved the selectivity of the material for 
CO production as opposed to H2 by a factor of 20.   
 The observation that addition of DAT to the bare Ag surface enhances the Faradaic effi-
ciency for CO production suggests that these nitrogen frameworks may play a critical role as co-
catalysts even when not in an organometallic complex. The presence of N-containing compounds 
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in electrolyte solution has previously been shown to influence both product selectivity and kinet-
ics for the electrochemical reduction of CO2 to CO using a Ag electrode.3 Three of the four N-
based organometallic complexes we reported here as catalysts for the electrochemical reduction 
of CO2 to CO drastically increase the partial current densities for CO compared to the state-of-
the-art Ag catalyst when comparing the catalysts’ performances with respect to the Ag loading.   
 
 
 
Figure 3.4. (a) Faradaic efficiency and (b) partial current density as obtained in a flow cell for CO production with a 
Ag/C electrode as compared to a Ag/C electrode to which DAT was added before hand-painting the catalyst on the 
Sigracet 35BC electrode. 
  
 To further explore the effect of adding the DAT ligand to the supported Ag/C, control 
experiments were performed in both the electrochemical flow reactor and a standard three-
electrode cell (Figure 3.5). The flow cell result shows that DAT alone has little activity for CO 
  
55 
reduction. Specifically, at -1.6 V vs. Ag/AgCl, the current density for CO production is only 2 
mA/cm2, which is much lower than the improvement from Ag/C to Ag/C + DAT (22 mA/cm2 at 
-1.6 V vs. Ag/AgCl). The standard three-electrode experiment shows similar results to that of the 
flow cell in that no change in onset potential under CO2 is observed and an increase in current 
density of less than 0.2 mA/cm2 is realized. From these control experiments, we cannot exclude 
the possibility that DAT is active for CO2 reduction. However, from the comparison of the cur-
rent densities achieved, it is concluded that the activity of DAT alone is negligible compared to 
the activity of DAT with Ag loading. 
 
Figure 3.5. (a) Comparison of partial current densities for CO vs. cathode potential for DAT, Ag/C, and Ag/C + 
DAT, and (b) cyclic voltammetry measurements in a three-electrode cell of DAT/C, comparing activity under Ar 
and CO2. Data was recorded in 1 M KOH at 25 mV/s. 
 
 This effect could have a number of possible origins. First, DAT and other ligands possi-
bly could alter the shape and/or size of the Ag particles. Addition of DAT could cause surface 
and or particle reconstruction, as has been observed in other contexts.27 The complexes them-
selves may be reduced at the negative potentials utilized here, leading to particles exhibiting the 
ostensibly special properties. Second, the N-containing ligands may act as cocatalysts, by, for 
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example, coordinating to the Ag surface and facilitating electron transfer. Of course other 
mechanisms are possible. Finally, we note that not all of the N-containing species introduced to 
the carbon surface exhibit the catalytic effect. The AgTPA, in particular, was less active. While 
the availability of Ag in these materials should not be much different than that found for DAT or 
the Pc complexes, other features of this ligand may make it less suitable.   
 
3.4 Conclusions  
 A major obstacle to the broader application of the electrochemical reduction of CO2 lies 
in simultaneously achieving high current densities and energetic efficiencies.1 Here, we demon-
strated a major step towards improving both the Faradaic efficiencies and current densities of the 
electrochemical reduction of CO2 to CO on a Ag cathode. The work reported here suggests that 
further exploration of the effect of nitrogen-enhanced Ag catalysis on the electrochemical con-
version of CO2 to CO may lead to further improvement of cathode performance. Specifically, 
further investigation is needed regarding the state of the catalysts before and after reaction opera-
tion. 
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Chapter 4 
 
Gold Nanoparticles on Polymer-Wrapped Carbon Nanotubes:  
An Efficient and Selective Catalyst for CO2 Reduction 
Collaboration involving the following contributors: 
Huei-Ru “Molly” Jhong, Chaerin Kim, Paul S. Anderson, Andrew A. Gewirth, Tsuyohiko 
Fujigaya, Naotoshi Nakashima, and Paul J.A. Kenis 
 
4.1 Introduction 
 Global energy consumption has risen significantly since the industrial revolution and is 
expected to increase over the next several decades due to economic growth in industrialized and 
developing countries.1,2 This increased energy consumption is accelerating the depletion of fossil 
fuels and has led to a steady increase in atmospheric levels of carbon dioxide (CO2), which have 
been associated with undesired climate change effects. To curb this rise, and eventually to reduce 
atmospheric CO2 levels, multiple approaches must be implemented concurrently to avoid further 
climate change. Approaches to control and reduce CO2 emissions include fuel shifting (switching 
from coal to natural gas that emits less CO2), carbon capture and sequestration (CCS) from point 
sources such as power plants, increasing fuel efficiency of cars and energy efficiency of 
buildings, and increasing the utilization of renewable energy sources such as wind and solar.3,4    
 60 
 The electrochemical conversion of CO2 offers a potentially economically viable route to 
recycle CO2, with the goal of reducing CO2 emissions, and therefore reducing dependence on 
fossil fuels. This process can be driven by renewable electricity, providing a carbon-neutral 
method to utilize otherwise wasted excess energy from intermittent sources such as wind and 
solar.4 Essentially, the electrochemical reduction of CO2 is analogous to running a fuel cell in 
reverse. The CO2 reduction reaction occurs at the cathode, whereas the water oxidation reaction, 
or chlorine evolution reaction, takes place at the anode.  
 Over the past few decades, efforts have focused primarily on the half-reaction of the 
cathode (i.e., the CO2 reduction reaction). Four distinct classes of metal catalysts have been 
identified for CO2 reduction: (i) metals that selectively form carbon monoxide, CO (Au, Ag, Zn, 
Pd, Ga); (ii) metals that mainly produce formic acid, HCOOH (Pb, Hg, In, Sn, Cd, Tl); (iii) 
metals that form a wide range of hydrocarbons such as methane and ethylene (Cu); and (iv) 
metals that primarily form H2 (Pt, Ni, Fe, Ti).5 Prior reports and reviews have provided an 
excellent overview of possible products of electrochemical CO2 reduction at a wide range of 
current densities, energetic efficiencies and selectivities for the desired product. Unfortunately, 
current performance levels are insufficient for commercialization due to the lack of catalysts 
with sufficient activity and selectivity. 
 Of the aforementioned metal catalysts, we are most interested in studying those selective 
for CO production as they exhibit the highest energetic efficiencies.6 Furthermore, CO is a useful 
feedstock for the manufacture of a variety of bulk chemicals in industry, such as the Fischer-
Tropsch process to form hydrocarbon fuels (diesel or gasoline), synthesis of aldehydes, acetic 
acid and methanol, the Shell higher olefin process for detergent manufacture, and the purification 
of nickel. Silver and gold are known to be very selective catalysts for electroreduction of CO2 to 
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CO over H2 formation.7 Previously, we have studied electrochemical reduction of CO2 to CO 
using Ag nanoparticle catalysts8-11 and nitrogen-based organometallic silver catalysts.12 While 
significant efforts have focused on studying Ag-based catalysts for reduction of CO2 to CO, 
considerably fewer efforts have focused on exploring Au-based catalysts. In fact, it has been 
found that on planar Au electrodes, the onset potential for CO2 reduction to CO is positively 
shifted as compared to that achieved using a planar Ag electrode. Higher CO Faradaic 
efficiencies are also obtained on Au in comparison to those obtained on Ag.13 In aqueous media, 
it has been determined that the reduction of CO2 to CO is catalyzed by the metals in the order of 
Au > Ag > Zn.14-16 At the nanoparticle level, Au retains its high selectivity for CO in water at 
overpotentials as low as 140 mV, while polycrystalline Au electrodes typically require an 
additional overpotential of at least 200 mV to achieve similar activity.17 Recently, computational 
efforts have been applied to better understand the CO2 reduction reaction on different transition 
metals. For example, Peterson et al. systematically studied the binding energy for the 
intermediates involved in the electrochemical reduction of CO2 and presented an activity volcano 
plot.18 Their results suggest that the key intermediate in the reduction of CO2 to CO, absorbed 
CO*, binds to both Au and Ag strongly enough so as absorbed CO* can be formed but not held 
so strongly that the product, gas-phase CO(g), can escape from the metal surface. More 
interestingly, they showed that CO* binds to Au slightly less strongly than Ag, which likely 
explains why experimentally Au has an earlier onset and is more active and selective for CO2 
reduction to CO. These prior studies suggest that Au may be a better catalyst than Ag as it shows 
higher activity, lower onset, and higher selectivity for CO2 reduction to CO.  
 While significant efforts have focused on studying Au for the selective production of CO, 
little attention has been paid to embedding this precious metal on catalyst supports to enhance 
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activity while simultaneously reducing the metal loading. It is well known that the activity of a 
catalyst increases as the surface area of the catalyst also increases. Therefore, it follows that these 
catalysts must also be supported on a high surface area substrate, often achieved through the 
application of a high porosity material. A substrate must also have sufficient electrical 
conductivity, providing for the flow of electrons. One of the more widely used support materials 
is carbon black. With low cost and high availability, they can provide surface areas from 50 to 
1500 m2g-1. However, the surface area of carbon blacks are mostly composed of micropores that 
are less than 1 nm, hindering the effective supply of “fuel” to the catalyst and limiting overall 
activity.19 
 As a means of improving upon carbon blacks, carbon nanotubes (CNTs) have emerged as 
materials that provide higher electrical conductivity, lower impurities, increased electrochemical 
durability, and the ability to provide for a higher loading of catalyst material. These properties 
make CNTs an ideal support material for electrocatalysts. The direct utilization of CNTs as 
substrates has been met with a few challenges. Specifically, their poor solubility and 
dispersibility, as well as their lack of solvation, make it necessary that pretreatment of these 
materials be performed. Reports have demonstrated that small molecules, such as surfactants, 
pyrene and porphyrin derivatives, and sugars, as well as multiple chemi- and physisorbed 
polymers effectively act as dispersants for SNTs in aqueous and organic solvents.20 It is 
important that these dispersants also be as physically and chemically stable as the CNTs. One 
such example is the work of Nakashima and coworkers with their use of polybenzimidazole (PBI) 
molecules. Dissolution of the CNTs stems from the pi-pi interaction between PBI and the 
sidewalls of the CNTs.  These polymer-wrapped CNTs have successfully been used as a substrate 
for the support of Pt nanoparticles and the resulting material has been used as an ORR catalyst in 
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both acidic and alkaline fuel cells.21-23 
 In this study, we have applied the MWCNT/PyPBI platform as a support material for Au 
nanoparticles as we probe their activity as CO2 to CO reduction catalysts. Using both an 
electrochemical flow reactor, as well as a three-electrode cell, the performance of these 
supported nanoparticle catalysts is compared to that of unsupported Au and Ag catalysts. Due to 
the high electrical conductivity of the MWCNT substrate and a large electrochemically-active 
surface area (ECSA) of the gold nanoparticles, an ideal triple phase boundary (TPB) 
environment may be realized.24 
 
4.2 Experimental 
 
4.2.1 Catalyst Preparation – Contribution from Chaerin Kim 
Synthesis of  MWNT/PyPBI 
MWNTs were supplied by Nikkiso Company. Pyridine-containing polybenzimidazole 
(Poly[2,2’-(2,6-pyridyl)-5,5’-bibenzimidazole]), PyPBI, was prepared using the previously 
described method.25 To wrap the MWNTs with PyPBI, 4 mg of the as-prepared PyPBI was 
dissolved in 20 mL of  N, N-dimethylacetamide (DMAc), followed by addition of 20 mg of the 
MWNT. The resulting mixture of MWNT and PyPBI in DMAc was sonicated for 4 hours to 
ensure uniform wrapping of the MWNTs with the PyPBI. After sonication, the mixture was 
filtered using PTFE filter paper (0.2 µm pore size, Millipore) and rinsed with DMAc several 
times to remove residual PyPBI, followed by drying under vacuum overnight. The resulting 
black powder is herein referred to as MWNT/PyPBI. 
 
Preparation of MWNT/PyPBI/Au 
 The deposition of Au nanoparticles on the MWNT/PyPBI catalyst support was carried out 
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via an in-situ surface growth method. Specifically, chloroauric acid (HAuCl4) in an ethylene 
glycol/water mixture (v/v=6/4) was used as the Au precursor and the reduction of Au(I) to Au(0) 
takes place upon addition of the reducing agent, sodium borohydride (NaBH4). The synthetic 
procedures are described as follows:  First, 5 mg of MWNT/PyPBI powder was dispersed in 10 
mL of an ethylene glycol/water mixture (v/v=6/4) via sonication for 1 hour. Second, 0.946 mL of 
1.4 mM HAuCl4 (Wako) in H2O was diluted with 15 mL of an ethylene glycol/water mixture 
(v/v=4/1). Next, the MWNT/PyPBI suspension was added to the dilute HAuCl4 solution. After 
stirring for 5 minutes, 3 mL of 0.1 mM NaBH4 in H2O was added. The mixture of MWNT/PyPBI, 
HAuCl4 and NaBH4, ethylene glycol, and H2O was stirred for 24 hours at room temperature 
under N2. The mixture was filtered using a PTFE filter paper (0.1 µm pore size, Millipore) and 
was dried under vacuum overnight. The resulting black powder is herein referred to as 
MWNT/PyPBI/Au. The MWNT/PyPBI/Au consists of 50 wt.% Au and 50 wt.% MWNT/PyPBI 
as measured using thermal gravimetric analysis (TGA). 
 
Synthesis of CB/PyPBI 
  Carbon Black (Vulcan XC-72R) was supplied by Cabot Corporation. The pyridine-
containing polybenzimidazole (Poly[2,2’-(2,6-pyridyl)-5,5’-bibenzimidazole]), PyPBI, was 
prepared using the previously described method.25 To wrap CB with PyPBI, 4 mg of the as-
prepared PyPBI was dissolved in 20 mL of N,N-dimethylacetamide (DMAc), followed by the 
addition of 20 mg of CB. The resulting mixture of CB and PyPBI in DMAc was sonicated for 1 
hour to ensure uniform wrapping of the CB with PyPBI. The obtained solutions were exposed to 
mild centrifugation (500 g) to remove the remaining aggregates as sediment. The supernatant 
was filtered (0.2 µm pore size, Millipore) and washed with DMAc to remove any excess PyPBI. 
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The supernatant was filtered and then washed with DMAc to remove any excess PyPBI. The 
obtained solid (CB/PyPBI) was dried under 60°C vacuum during overnight. The resulting black 
powder is herein referred to as CB/PyPBI. 
 
Preparation of CB/PyPBI/Au catalyst 
 The deposition of Au nanoparticles on the CB/PyPBI catalyst support was carried out via 
an in-situ surface growth method. Specifically, chloroauric acid (HAuCl4) in an ethylene 
glycol/water mixture (v/v=6/4) was used as the Au precursor and the reduction of Au(I) to Au(0) 
takes place upon the addition of the reducing agent, sodium borohydride (NaBH4). The synthetic 
details are described as follows: First, 5 mg of CB/PyPBI powder was dispersed in 10 mL of an 
ethylene glycol/water mixture (v/v=6/4) via sonication for 30 min. Second, 0.946 mL of 1.4 mM 
HAuCl4 (Wako) in H2O was diluted with 15 mL of an ethylene glycol/water mixture (v/v=4/1). 
Next, the CB/PyPBI suspension was added to the dilute HAuCl4 solution. After stirring for 5 
minutes, 3 mL of 0.1 mM NaBH4 in H2O was added. The mixture of CB/PyPBI, HAuCl4 and 
NaBH4, ethylene glycol, and H2O was stirred for 24 hours at room temperature under N2. The 
mixture was filtered using a PTFE filter paper (0.1 µm pore size, Millipore) and was dried under 
vacuum overnight. The resulting black powder is herein referred to as CB/PyPBI/Au. The 
CB/PyPBI/Au consists of 45 wt. % Au and 55 wt. % CB/PyPBI as measured using the thermal 
gravimetric analysis (TGA). 
 
Detailed information pertaining to the commercial samples used in this study is provided in 
Table 4.1. Average particle sizes of the metal (Ag or Au) nanoparticles were measured using 
TEM. 
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Table 4.1.  Sources and average particle size of the commercial samples used in this study 
Sample Vendor Sample description from vendor Average particle size 
CB/Au E-Tek 60 wt.% Au on carbon black Mainly ~5-10 nm Au; large 
Au agglomerates of ~20-
35 nm are also observed 
Au Sigma Aldrich Au nanopowder, <100 nm particle size ~70 nm Au 
Ag Sigma Aldrich Ag nanopowder, <100 nm particle size ~70 nm Ag 
 
4.2.2 Catalyst Characterization 
Transmission electron microscopy (TEM) – Contribution from Huei-Ru “Molly” Jhong 
 TEM was used to determine the morphology of the catalysts (JEOL, JEM2010, operated 
at 200 kV). The catalyst powder was suspended in isopropyl alcohol (Sigma-Aldrich) and 
sonicated for 30 minutes to ensure good catalyst dispersion. A very dilute concentration was 
needed to acquire TEM images. TEM grids were prepared by putting a few droplets of the dilute 
suspension on copper grids and dried overnight. 
 
Wide-angle X-ray diffraction (WAXD / XRD) – Contribution from Huei-Ru “Molly” Jhong 
 XRD measurements were carried out to study the crystal structure of the Au nanoparticles 
on all Au-containing samples. The catalyst powder was suspended in the paratone oil when the 
XRD diffractograms were measured. All spectra are background corrected to take out the 
paratone oil scattering peak as well as the amorphous contribution from the sample. Figure 4.1 
shows the XRD results. 
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Figure 4.1.  XRD diffraction patterns of the four Au-containing samples (MWNT/PyPBI/Au, CB/PyPBI/Au, CB/Au, 
and Au) as well as one of the control samples (MWNT/PyPBI). The other control sample, CB/PyPBI, only shows 
amorphous scattering in the diffraction pattern and thus its background corrected XRD pattern is not shown here. All 
diffractograms of the Au-containing samples exhibit the same six characteristic diffraction peaks of polycrystalline 
Au. Also, the diffractograms of MWNT/PyPBI/Au and MWNT/PyPBI both exhibit the diffraction peak at ~27˚, 
which can be attributed to the graphite structure (002) of MWNTs. Figure compliments of Huei-Ru “Molly” Jhong. 
 
4.2.3. Electrochemical measurements in a three-electrode electrochemical cell 
Three-electrode cell operation 
 High purity water (18 MΩ) was obtained from a Millipore water purification system.  All 
reagents were analytical grade and used as received. The three-electrode cell experiments were 
carried out using a CH Instruments bipotentiostat. The electrochemical cell consisted of a Au 
wire counter electrode and a “no-leak” Ag/AgCl reference electrode (Cypress), separated from 
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the working electrode by means of a Luggin capillary. Electrochemical measurements were all 
recorded and reported versus the Ag/AgCl electrode. The catalysts for the three electrode cell 
experiments were prepared as follows: catalyst inks containing the powder catalyst (enough to 
contain 1.0 mg Au) and Nafion (5 wt%, Aldrich) in a mass ratio of catalyst to Nafion of 30/1 
were prepared in 1 mL of an isopropyl alcohol/H2O mixture (v/v = 4/1) and sonicated prior to 
electrode preparation.  A 10 µL drop of the catalyst ink was deposited and dried under flowing Ar 
on a rotating ring-disk electrode (Pine Instruments), comprised of a polished (0.05 micron 
alumina) glassy carbon disk electrode (0.196 cm2) with a Pt ring. 
 Prior to measurements of reduction activity as well as the ECSA measurements, the 
electrochemical cell was purged with Ar gas. Gas flow was then redirected to maintain Ar flow 
over the top of the 1 M KCl (≥99.9995% Sigma Aldrich) or 0.5 M H2SO4 (J. T. Baker, Ultrex II 
Ultrapure Reagent) electrolyte solution. Data collection under CO2 first involved purging the 
electrolyte solution, followed by the reduction of gas flow into the electrolyte solution prior to 
data collection. 
 
4.2.4. Electrochemical measurements in a flow cell – Contribution from Huei-Ru “Molly” Jhong 
Preparation of GDEs 
 Previously we have reported the preparation of GDEs for use in a CO2 electrolysis cell.8  
In short, Sigracet 35 BC gas diffusion layers (GDLs, Ion Power) were used, which consist of 5 
wt% poly-tetrafluoroethylene (PTFE)-treated carbon paper that has a teflonized microporous 
layer on one side.  The cathodes were air-brushed whereas the anode was hand-painted using 
previously described methods.8  The preparation of catalyst inks for cathodes is as follows: 
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(1) Au catalysts (MWNT/PyPBI/Au, CB/PyPBI/Au, CB/Au, Au) 
 The catalyst inks were prepared as follows: catalyst inks containing the powder catalyst 
(enough to contain 0.17 mg/cm2 Au) and Nafion (5wt.% Nafion solution, Aldrich) in a mass ratio 
of catalyst to Nation of 30/1 were prepared in 1 mL of an isopropyl alcohol/H2O mixture (v/v = 
4/1)  as the carrier solvent and sonicated for 30 minutes prior to deposition onto the GDE.  Note 
that the actual amounts of catalyst powder added to the vial varied from sample to sample to 
account for the difference in Au content as well as losses of catalyst during the deposition. 
(2) Ag catalysts (Ag) 
 The catalyst inks were prepared as follows: catalyst inks containing the powder Ag 
catalyst (enough to contain 0.75 mg/cm2 Ag) and Nafion (5wt.% Nafion solution, Aldrich) in a 
mass ratio of catalyst to Nation of 30/1 were prepared in 0.4 mL of an isopropyl alcohol/H2O 
mixture (v/v = 1/1)  as the carrier solvents. 
(3) Control samples (MWNT/PyPBI, CB/PyPBI) 
 The catalyst inks were prepared as follows: catalyst inks containing the polymer-wrapped 
supports (enough to contain 0.19 mg/cm2 MWNT/PyPBI or CB/PyPBI) and Nafion (5wt.% 
Nafion solution, Aldrich) in a mass ratio of catalyst to Nation of 30/1 were prepared in 1 mL of 
an isopropyl alcohol/H2O mixture (v/v = 4/1)  as the carrier solvents. 
 For the hand-painted anodes, catalyst inks were prepared by mixing 10 mg Pt black (Alfa 
Aesar) and 6.9 µL Nafion solution, and adding 400 µL of Millipore water and 400 µL isopropyl 
alcohol as the carrier solvents.  The same anode that was used for all measurements had a 
catalyst loading of 4.25 mg/cm2 Pt black.   
 All inks were sonicated for 30 minutes to ensure uniform mixing and were either hand-
painted using a paintbrush or air-brushed using an automated air-brushing deposition setup onto 
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the teflonized carbon side of the GDL to create a GDE covered with catalyst over a geometric 
area of 2 cm2.  Importantly, the actual catalyst loading of the GDEs (to account for losses during 
the deposition) was determined by weighing the GDE before and after deposition and was 
indicated in all figure captions in the paper.  Details are provided in Table 4.2. 
  
Table 4.2.  Catalyst ink formulations of Au samples 
Sample Au content 
of the 
catalyst 
(wt.%) 
Target Au 
loading on the 
GDE 
(mg/cm2) 
Target amount 
of catalyst 
powder on the 
GDE (mg) 
Amount of 
catalyst 
powder to add 
to vial (mg)* 
Amount of 
Nafion 
solution to 
add to vial 
(uL) 
Amount of 
carrier 
solvent to 
add to vial 
(mL) 
MWNT/PyPBI/Au 50 0.17 0.650 1.625 1.243 1 
CB/PyPBI/Au 45 0.17 0.722 1.806 1.381 1 
CB/Au 60 0.17 0.542 1.354 1.036 1 
Au 100 0.17 0.325 0.813 0.622 1 
• Accounted for 60% losses of catalysts during the deposition. 
 
Cell assembly 
 Two catalyst-coated GDEs, an anode and a cathode, were placed on opposite sides of a 
0.15-cm thick poly(methyl methacrylate) (PMMA) sheet with 0.5-cm wide by 2.0-cm long 
window (1 cm2) such that the catalyst layers faced the flowing liquid electrolyte.  The geometric 
surface area used to calculate current density is 1 cm2.  This three-layer assembly was clamped 
between two aluminum current collectors with access windows.  On the cathode side an 
aluminum gas flow chamber supplied CO2 while the anode was open to the atmosphere so 
formed O2 can escape.  The assembly was held together with 4 bolts with Teflon washers to 
maintain electric isolation between electrodes. 
 
Electrochemical testing procedures 
 CO2 electrolysis experiments were conducted using a potentiostat (Autolab PG30) at 
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room temperature and ambient pressure.  CO2 gas (S.J. Smith, 100%) was fed at a rate of 7 sccm.  
In all experiments, the electrolyte flow rate was 0.5 mL/min controlled by a syringe pump 
(Harvard Appartus PhD 2000).  The electrolyte was 1 M potassium chloride (KCl, Sigma-
Aldirch, 99.9995% pure) in water.  Millipore water was used for all electrolytes.  Electrolysis 
cell polarization curves were obtained by steady-state chronoamperometric measurements in 
which gaseous products, as well as unreacted CO2, were collected and injected into a gas 
chromatograph (Trace GC, ThermoFisher Scientific) equipped with a thermal conductivity 
detector for quantitative determination of product composition.  Individual anode and cathode 
polarization curves were independently measured using an external Ag/AgCl reference electrode 
which was ionically connected to the electrolyzer. 
 
 
4.3 Results 
 Here we report two new, supported Au catalysts for CO2 reduction exhibiting both higher 
activity and higher Faradaic efficiency for CO production. The first of these features Au 
nanoparticles supported on polymer-wrapped multiwall carbon nanotubes (MWNT/PyPBI/Au) 
and the second uses Au nanoparticles on polymer-wrapped carbon black (CB/PyPBI/Au).   
 Figure 4.2 shows the schematic of the synthesis procedure of the as-produced catalysts, 
as well as the corresponding TEM images. Figure 4.2c and 4.2d show that the Au nanoparticles 
are of similar particle sizes (1-20 nm) and are uniformly embedded in the MWNT/PyPBI and 
CB/PyPBI, respectively. The XRD diffraction patterns show that the Au nanoparticles on all Au-
based samples are polycrystalline Au. The PyPBI on the surface of the MWNT/PyPBI support 
provides effective binding sites (through chelating of Au and the three N atoms on the PyPBI 
molecule) for the nucleation and growth of Au nanoparticles. Consequently, Au nanoparticles 
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tend to grow directly onto the catalyst support, MWNT/PyPBI or CB/PyPBI, as opposed to 
forming Au agglomerates in the bulk solution. We have observed that the reaction temperature, 
concentration of the chloroauric acid, amount of the reducing agent, and uniform mixing are 
crucial to the formation of uniformly-distributed Au nanoparticles on the MWNT/PyPBI support.  
Therefore, the synthesis procedures reported here have been optimized to yield uniformly-
distributed Au nanoparticles of < 20 nm. Similar to previously-reported Pt-based catalysts for 
polymer electrolyte membrane fuel cells (PEMFCs) such as the MWNT/PyPBI/Pt and 
MWNT/PBI/Pt, these hybrid materials comprised of metal particles on polymer-wrapped catalyst 
supports aim to provide an ideal three-phase boundary for CO2 reduction, allowing for the 
effective transport of electrons, protons, and gaseous CO2.23 For comparison purposes, 
commercial catalysts including supported Au nanoparticles on carbon black (CB/Au), 
unsupported Au, and unsupported Ag catalysts were also studied.  
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d
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Figure 4.2.  Schematic representation of the preparation of (a) MWNT/PyPBI/Au and (b) CB/PyPBI/Au used in this 
study.  TEM images of the as-synthesized catalysts: (c) MWNT/PyPBI/Au (50 wt.% Au) and (d) CB/PyPBI/Au 
catalyst (45 wt.% Au). 
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 Figure 4.3 shows results of CO2 reduction with different catalytic materials obtained with 
constant metal loading. We measured the electrochemical performance of the catalysts in a 
previously-reported microfluidic CO2 electrolysis cell.8-10,12 Current densities of less than 40 
mA/cm2, as well as large overpotentials, are observed from both polymer-wrapped carbon 
control samples, demonstrating that Au nanoparticles supply the catalytic activity of the catalyst 
samples. Unsupported Au and Ag nanoparticles placed directly on the GDE give rise to slightly 
greater current densities, but also require the application of high overpotentials. However, once 
Au nanoparticles are supported on carbon black, the onset of CO2 reduction is shifted to more 
positive potentials (~200 mV). The highest current densities are achieved using the 
MWNT/PyPBI and CB/PyPBI platforms as support material for the Au nanoparticles, with the 
MWNT/PyPBI/Au sample achieving the highest current density of 257 mA/cm2. 
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Figure 4.3.  Results of electrochemical reduction of CO2 in a flow reactor.  (a) Current densities as a function of 
applied cell potential, and (b) corresponding individual electrode polarization curves of the flow reactor operated 
with Au catalysts and control samples.  Cathode catalyst: 0.34 mg/cm2 MWNT/PyPBI/Au (50 wt% Au, ca. 0.17 mg 
Au/cm2); 0.38 mg/cm2 CB/PyPBI/Au (45 wt% Au, ca. 0.17 mg Au/cm2); 0.28 mg/cm2 CB/C (60 wt% Au, ca. 0.17 
mg Au/cm2); 0.16 mg/cm2 Au; 0.75 mg/cm2 Ag; 0.19 mg/cm2 MWNT/PyPBI; 0.19 mg/cm2 CB/PyPBI.  Anode 
catalyst: 4.25 mg/cm2 Pt black.  Reactant streams: 7 sccm CO2.  Electrolyte: 1.0 M KCl flowing at 0.5 mL/min.  
Data collected at room temperature and ambient pressure. Figure compliments of Huei-Ru “Molly” Jhong. 
 
 In some application scenarios where producing large absolute amounts of CO is preferred 
no matter the amount of H2 is cogenerated, MWNT/PyPBI/Au can produce the highest overall 
current density (257 mA/cm2), CO partial current density (160 mA/cm2), and H2 partial current 
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density (98 mA/cm2) with reasonable product selectivity (62% CO and 38% H2) at a cathode 
potential of -1.78 V vs. Ag/AgCl (shown in Figure 4.4). This is promising in application 
scenarios where a single reactor for cogenerating CO and H2 may be preferred. Some application 
scenarios prefer optimizing the CO2 conversion process with respect to maximizing CO 
production. In that case, the cell when operated with MWNT/PyPBI/Au is able to achieve high 
product selectivity (i.e., 90% CO and 10% H2) at reasonable current densities: a total current 
density of 85 mA/cm2, CO partial current density of 76 mA/cm2, and H2 partial current density of 
9 mA/cm2 at a cathode potential of -1.48 V vs. Ag/AgCl. Overall, the lowest current densities for 
CO are found with Au particles deposited directly onto the GDE surface. Higher and higher 
current densities are achieved as the Au particles are presupported on CB, polymer-wrapped CB, 
and finally, MWNT/PyPBI/Au produces the highest overall CO partial current density, and H2 
partial current density.   
 Interestingly, the MWNT/PyPBI/Au even outperforms the state-of-the-art Ag 
nanoparticle-based catalysts that we reported recently (its performance curves were reproduced 
in Figure 4.3 and 4.4) at all cathode potentials. More specifically, the MWNT/PyPBI/Au exhibits 
a reasonably high selectivity for CO over H2 (80-92% CO at most cathode potentials). It also 
exhibits high activity: a maximum partial current density for CO of 160 mA/cm2, and an up to 
8.8x higher current density for CO at intermediate cathode potentials (V= -1.39 V vs. Ag/AgCl) 
compared to the state-of-the-art silver nanoparticle-based catalysts normally used under identical 
experimental conditions. Furthermore, such good performance can be achieved with a very low 
catalyst loading of 0.17 mg Au/cm2, suggesting that Au nanoparticles are highly dispersed on 
polymer-wrapped MWNTs. 
 76 
 MWNT/PyPBI/Au
 CB/PyPBI/Au
 CB/Au
 Au
 Ag
 MWNT/PyPBI
 CB/PyPBI
-1.8 -1.6 -1.4 -1.2 -1.0 -0.8
0
20
40
60
80
100
120
Control
Unsupported
 Cathode Potential (V) vs. Ag/AgCl
 
 
Pa
rti
a
l C
D
 
of
 
H
2 
(m
A/
cm
2 ) H2 evolution Supported
a
b
 MWNT/PyPBI/Au
 CB/PyPBI/Au
 CB/Au
 Au
 Ag
 MWNT/PyPBI
 CB/PyPBI
-1.8 -1.6 -1.4 -1.2 -1.0 -0.8
0
40
80
120
160
200
Control
Unsupported
 
 
Pa
rti
a
l C
D
 
o
f C
O
 
(m
A/
cm
2 ) CO evolution Supported c
d
-1.8 -1.6 -1.4 -1.2 -1.0 -0.8
0
20
40
60
80
100
 MWNT/PyPBI/Au     Au
 CB/PyPBI/Au           Ag
 CB/Au
 
 
Fa
ra
da
ic
 
Ef
fic
ie
n
cy
 
fo
r 
H
2 
(%
)
Cathode Potential (V) vs. Ag/AgCl
-1.8 -1.6 -1.4 -1.2 -1.0 -0.8
0
20
40
60
80
100
 MWNT/PyPBI/Au   Au
 CB/PyPBI/Au         Ag
 CB/Au
 
 
Fa
ra
da
ic
 
Ef
fic
ie
n
cy
 
fo
r 
CO
 
(%
)
 
 
Figure 4.4.  Results of electrochemical reduction of CO2 in a flow reactor. Partial current density of (a) CO and (b) 
H2 as well as Faradaic efficiency for (c) CO and (d) H2 as a function of cathode potential (V) vs. Ag/AgCl.  The 
error bars represent the standard deviation of the average of three experiments (N=3). Cathode catalyst: 0.34 mg/cm2 
MWNT/PyPBI/Au (50 wt% Au, ca. 0.17 mg Au/cm2); 0.38 mg/cm2 CB/PyPBI/Au (45 wt% Au, ca. 0.17 mg 
Au/cm2); 0.28 mg/cm2 CB/Au (60 wt% Au, ca. 0.17 mg Au/cm2); 0.16 mg/cm2 Au; 0.75 mg/cm2 Ag; 0.19 mg/cm2 
MWNT/PyPBI; 0.19 mg/cm2 CB/PyPBI. Anode catalyst: 4.25 mg/cm2 Pt black. Reactant streams: 7 sccm CO2.  
Electrolyte: 1.0 M KCl flowing at 0.5 mL/min. Data collected at room temperature and ambient pressure. Figure 
compliments of Huei-Ru “Molly” Jhong. 
 
 Figure 4.5 shows the cyclic voltammetric measurements of reduction activity in a three-
electrode cell for each of the samples, comparing activity under a CO2 feed versus their activity 
under Ar. No reduction activity is observed for the CB/PyPBI and MWCNT/PyPBI catalyst 
samples. This further establishes that the PyPBI polymer, alone, is not responsible for the CO2 
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reduction activity observed when using the PyPBI/Au catalysts. Au nanoparticles supported on 
glassy carbon significantly decrease the overpotential for CO2 reduction, with only a slight 
increase in current density when compared to the sample under Ar. Au nanoparticles supported 
on carbon black exhibit a decrease in overpotential on the cathodic scan, but lead to a significant 
decrease in total current density achieved as compared to the sample under Ar. The 
CB/PyPBI/Au sample shows a similar decrease in the overpotential for CO2 reduction with 
respect to that observed for CB/Au; however, current densities reached under CO2 are 
comparable to those under Ar. Lastly, a significant positive shift in onset, as well as higher 
current densities, is observed from the MWCNT/PyPBI/Au sample when under CO2. 
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Figure 4.5.  Cyclic voltammetric measurements of reduction activity of (a, b) control samples as well as (c-f) Au 
catalysts with a CO2 feed compared to their respective activity under Ar.  Data was recorded in 1M KCl at 50 mV/s. 
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 To probe further into the reasons behind the increased partial current density for CO 
production on the MWNT/PyBPI/Au material, we used the cathodic Au oxide stripping peak to 
determine the electrochemically-active surface area (ECSA) of the nanoparticle deposits.26 These 
measurements, shown in Figure 4.6 and reported in Table 4.3, demonstrate that the 
MWNT/PyPBI/Au catalyst exhibits the greatest electrochemically-active surface area (ECSA) 
(23 m2/g Au).  Surface area values indicated in Table 1 for each of the gold catalysts increase in 
the order of directly deposited Au < CB/Au < CB/PyPBI/Au < MWNT/PyPBI/Au.  The active 
surface area of Au nanoparticles nearly triples when deposited on bare carbon black.  A six-fold 
increase in surface area is achieved when depositing Au nanoparticles on polymer-wrapped 
carbon black and a nearly eight-fold increase is observed when MWNTs act as the carbon 
support.  Interestingly, these ratios roughly correspond to the ratios found when comparing the 
partial current density for CO for each of the Au samples supported on carbon or polymer-
wrapped carbon to the partial current density for CO achieved with Au nanoparticles deposited 
directly onto the GDE. These findings demonstrate that efficient surface utilization via large 
ECSA values plays a key role in overall activity of the electrocatalyst. 
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Figure 4.6.  Cyclic voltammetric measurements of Au samples deposited on a glassy carbon RDE in a 3-electrode 
cell (0.5 M H2SO4, 0.1 V/s), where each trial demonstrates a new ink deposition. A peak associated with the 
reduction of Au oxide appears between 0.9 and 0.5 V in the negative-going scans for each sample. 
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Table 4.3. Summary of results obtained from cyclic voltammetry of samples with Au content.  Estimation of Au 
electroactive surface area using charge associated with stripping of the Au surface oxide (420 µC cm-2)27 and 
electrical charge associated with the integration of the oxide peak between the potential limits of 0.9 V to 0.5 V.26,28  
Three separate trials, each with recast electrodes, are factored into each average value reported. 
 
 
Catalyst 
 
Electrical 
charge (µC) 
Specific electrochemically active 
surface area (m2 /g Au) 
Au 110 ± 40 3 ± 1 
CB/Au 410 ± 80 10 ± 2 
CB/PyPBI/Au 740 ± 100 18 ± 3 
MWNT/PyPBI/Au 950 ± 50 23 ± 1 
 
 The catalytic performance enhancements observed are attributed largely to the increase in 
ECSA when the catalytically active nanoparticles are deposited on both the bare and polymer-
wrapped carbon supports. MWNT/PyPBI/Au, with the highest ECSA, outperforms both 
CB/PyPBI/Au and CB/Au with respect to activity as well as selectivity, a pattern that mirrors the 
calculated ECSA values. While the excellent performance of the MWNT/PyPBI/Au is most 
likely attributed to the large ECSA, we cannot neglect other factors such as the high electrical 
conductivity of MWNTs. Figure 4.3b (single electrode plot) demonstrates that the ohmic 
overpotential of the MWNT/PyPBI/Au is indeed the smallest. Based on single particle 
conductivity measurements, MWNTs have been shown to provide nearly 103 times higher 
electrical conductivity than traditional carbon blacks.29  Lastly, there may exist a unique catalyst-
support interaction that is not available to nanoparticles supported on bare carbon black.  
Formation of an “ideal” triple-phase boundary nanostructure in the catalyst may be promoted by 
the two-step assembly of PyPBI with MWNTs and then with Au.  This platform has proven to be 
successful in leading to the higher utilization efficiency of Pt nanoparticles with respect to their 
subsequent activity as a fuel cell electrocatalysts.21,23,25,30,31  Because of this increased utilization, 
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reduction of total metal loadings is possible without fear of sacrificing overall activity and 
selectivity. 
 
4.4 Conclusions 
 We report the structural and electrochemical characterization of a new catalyst system, 
Au nanoparticles supported on polymer-wrapped multiwall carbon nanotubes (MWNTs), for the 
electrochemical reduction of CO2 to CO.  This new class of catalyst exhibits a high selectivity for 
CO over H2: 80-92% CO at most cathode potentials.  It also exhibits high activity: a maximum 
partial current density for CO of 160 mA/cm2, and an up to 8.8x higher current density for CO at 
intermediate cathode potentials (V= -1.39 V vs. Ag/AgCl) compared to the state-of-the-art silver 
nanoparticle-based catalysts normally used under identical experimental conditions.  
Furthermore, such good performance can be achieved with a very low catalyst loading of 0.17 
mg Au/cm2, suggesting that Au nanoparticles are highly dispersed on MWNTs, resulting in high 
electrochemically-active surface area (23 m2/g Au). Reducing loadings of precious metal 
catalysts without sacrificing activity and selectivity offers promise for electrochemical CO2 
reduction to become an economically viable process. 
 These studies demonstrate that the MWNT/PyPBI platform is a successful support 
candidate for Au, but may also function well with other CO2 active metal species. As a result, the 
electrochemical reduction of CO2 could become a potentially economically viable process in the 
future. Moreover, the polymer-wrapped MWNT/CB platform may be a promising support 
material for a variety of catalytic reactions, with potential use in systems involving reactions 
such as oxygen and nitrate reduction. 
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Appendix A 
 
Carbon-Supported Tricopper Complexes as Oxygen Reduction Electrocatalysts 
 
A.1 Introduction 
 Through a combination of four copper atoms, multicopper oxidases enable the coupling 
of four one-electron oxidations of a substrate to the four-electron reduction of dioxygen to water.  
Spectroscopic studies, as well as X-ray crystallography, have demonstrated that these enzymes 
contain at least one T1, or blue copper, site and a T2/3 trinuclear copper site. The T1 site is 
coordinated to two histidine nitrogens and a cysteine thiolate sulfur. This site shuttles electrons 
from the substrate to the trinuclear site by rapid electron transfer via a cysteine-histidine 
pathway. The T2/T3 trinuclear cluster is surrounded by eight histidines and is the site of 
dioxygen binding and subsequent reduction. The crystal structure of the oxidized trinuclear site 
shows that a hydroxide bridges the strongly antiferromagnetically coupled T3 Cu(II) atoms. The 
T3 coppers possess a trigonal bipyramidal ligand field, each with one open equatorial position 
directed towards the T2 Cu. The unbridged T2 Cu(II) is within 4 Å of the T3 coppers and has a 
normal Cu(II) S =1/2 electron paramagnetic resonance (EPR) signal. The T2 Cu has a dx2-y2 
ground state and has square planar geometry with an open equatorial position directed towards 
the two T3 coppers.1-4  
 For the complete reduction of dioxygen to water by multicopper oxidases, a total of two, 
two-electron steps occurs. The first electron step generates a peroxide intermediate (PI) and the 
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second generates the native intermediate (NI).4 The fully reduced trinuclear site reacts with O2 to 
produce the PI. The T3β Cu preferably reacts with the dioxygen molecule, due to structural 
stabilization differences between the T3α Cu and T3β Cu. A negatively charged carboxylate 
residue in close proximity to the T3α Cu and T2 Cu lowers the potential of those two coppers, 
providing enough driving force to lead to the reduction of O2 by two electrons. Within the PI, 
peroxide is bound side-on to the T3β Cu(II) and end-on bonds with the T3α Cu(I) and T2 Cu(II). 
Spectroscopic measurements show that an additional one electron transfer from the T1 Cu to the 
trinuclear cluster produces an intermediate complex, PI+e-.4 The triangular geometry of the 
trinuclear cluster allows for orbital overlap between the redox active orbitals on the T3α Cu and 
T2 Cu with the peroxide σ* orbital.3 A two-electron transfer coupled with a proton derived from 
a nearby glutamic acid residue results in cleavage of the O-O bond of peroxide.2 Once the 
dioxygen bond is cleaved, the NI is formed. The NI is fully oxidized, where the products of 
dioxygen reduction remain in the trinuclear cluster as bridging µ3-oxo and µ2-hydroxo ligands.  
The NI further transitions to a resting oxidized state by releasing two molecules of H2O. This 
elimination is promoted by the relaxation of the Cu-Cu distance between T3β and T3α from <3.5 
Å in the NI to the >5 Å in the reduced form of the enzyme.4  
 A number of synthetic copper complexes have been inspired by the ability of multicopper 
oxidases, particularly laccase, to reduce dioxygen to water at relatively high positive potentials 
(1.2 V RHE). In an attempt to obtain similar activity, several synthetic mononuclear copper 
complexes have been developed. Copper(II) complexes of imidazole ligands and Cu(II) 
complexes of tris-pyridyl triazine ligands have shown modest activity towards the 
electrocatalytic four-electron reduction of dioxygen.5-7 Zhang and Anson contributed a great 
amount of insight to the reduction of oxygen by Cu(II) complexes of substituted 1,10-
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phenanthroline ligands. It was found that the formal potential of the Cu(II)/Cu(I) couple when 
complexed with 1,10-phenanthroline can be shifted to more positive values by tailoring the 
ligand with different substituents. These substituents are presumed to stabilize the Cu(I) state in 
comparison to the Cu(II) oxidation state.8,9 McCrory and coworkers further studied these copper-
phenanthroline complexes.10,11 Again, it was discovered that by altering the substituents on the 
phenanthroline ligand, the onset potential for O2 reduction is shifted. In particular, electron-
donating ligands not adjacent to the Cu-binding site were presumed to stabilize the Cu(II) 
oxidation state, shifting the onset potential to more negative values. In contrast, the effects of 
substituents adjacent to the Cu-binding site were related to the size of the substituent, rather than 
their electronic effect. It was proposed that these substituents destabilize the Cu(II) state by 
distorting the energetically favored square-planar coordination towards the tetrahedral geometry 
of a Cu(I) complex. The onset potential for oxygen reduction with the best of their substituted 
phenanthroline complexes was at 0.68 V (RHE at pH 4.8).11 It was acknowledged that further 
increases in activity were not expected using this ligand motif and that two or more metal centers 
were necessary to efficiently reduce dioxygen. 
 Successful binuclear copper complexes have also been developed as potential 
electrocatalysts for oxygen reduction. Glassy carbon electrodes have been successfully modified 
by a Cu(II) poly-histidine thin film, where the “proof of principle” polymer film was shown to 
successfully decrease the oxygen reduction overpotential compared to a bare glassy carbon 
electrode.12 A hexaazamacrocyclic complex reported by Slowinski et al. shows coordination of 
two Cu(II) centers between nitrogen donors of the hexaazamacrocycle ligand.  This complex has 
a reported onset of oxygen reduction at 0.67 V (RHE at pH 7).13 The most efficient synthetic 
multicopper electrocatalysts, however, remain a dicopper complex of 3,5-diamino-1,2,4-triazole, 
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with a reported onset of oxygen reduction of 0.73 V (RHE at pH 7) and the complex [Cu – 
[tris(pyridine-2-ylmethylamine)](ClO4)2, which exhibits an ORR onset potential of 0.53 V (RHE 
at pH 1).14,15 A recent review offers a more exhaustive list of Cu complexes that have been found 
to catalyze the oxygen reduction reaction.16 
 Based on the success of the tri-copper active site of laccase, as well as the activity 
achieved from both mono- and binuclear copper complexes, it is hopeful that a biomimetic 
trinuclear copper model with similar activity and increased durability can be designed. With 
these goals in mind, five known tricopper complexes were reproduced and employed as potential 
ORR electrocatalysts. 
 
A.2 Experimental 
Syntheses 
 All complexes were synthesized as described by the authors cited unless otherwise noted. 
All reagents were analytical grade and used as received. High purity water (18 MΩ) was 
obtained from a Millipore water purification system.   
 
Electrochemistry 
      Catalyst inks containing the carbon supported complex (1.0 mg mL-1) and Nafion 
solution (4 µL mL-1, 5 wt%, Aldrich) were prepared in a 5% butanol-water mixture and sonicated 
prior to electrode preparation. A 20 µL drop of the catalyst ink was deposited on a rotating ring-
disk electrode (Pine Instruments) comprised of a polished (0.05 micron alumina) glassy carbon 
disk electrode (0.196 cm2) with a Pt ring.  
 89 
 Electrochemical measurements were made using a bipotentiostat (CH Instruments). The 
electrochemical cell consisted of a Pt gauze counter electrode and a “no-leak” Ag/AgCl 
reference electrode (Cypress), separated from the working electrode by means of a Luggin 
capillary. The reference electrode was calibrated to the RHE scale by saturating the cell with H2 
and measuring the open circuit potential at the Pt ring electrode.  
 
A.3 Results 
A.3.1 Tris(µ-hydroxy)tricopper(II) Complex 
 A tris-hydroxy-bridged trinuclear copper(II) cluster is postulated to be the catalytically 
active native intermediate found in multicopper oxidases. Mirica and Stack have successfully 
reported a structurally analogous tris(µ-hydroxy)tricopper(II) complex shown in Figure A.1.17 
The complex is formed from three Cu(II) centers bridged by three hydroxide groups, where the 
Cu-Cu spacing is 3.643 Å. The Cu3(OH)3 moiety is planar, where each copper center has a 
distorted tetrahedral geometry. 
 
Figure A.1. Crystal structure of tris(µ-hydroxy)tricopper(II) (1) complex formed from the reaction of N,N-di-tert-
butyl-ethylenediamine (DBED) with [Cu(MeCn)4](ClO4) in THF and exposed to air. Viewed using cif data imported 
from the Cambridge Structural Database to Mercury 3.0.17 
 90 
 Equimolar amounts of DBED (0.132 mL) and [Cu(MeCn)4A.2(ClO4) (0.1983 g) were 
mixed in THF (~10 mL). The solution was then added to ~10 mL of hexanes in order to obtain a 
precipitate. Elemental analysis of the isolated complex C30H75Cl3Cu3N6O15·C4H8O·H2O, 
Expected: % C 35.6, H 7.47, N 7.33 and Actual: % C 34.08, H 6.87, N 7.59, Cu 17.30. The 
complex was then supported on Vulcan carbon to achieve a 30% loading of complex by 
sonicating the complex with Vulcan in H2O and drying in vacuo at 90 ºC. 
 Cyclic voltammetry of the complex supported on Vulcan, as well as CuDAT supported 
on Vulcan (the activity of which is detailed in Chapter 2) and a bare Vulcan catalyst, shown in 
Figure A.2, demonstrates that the activity of tris(µ-hydroxy)tricopper(II) is similar to that of 
Vulcan carbon. No noticeable improvement in the onset potential for oxygen reduction is 
observed as compared to that of Vulcan. Current densities reached are only slightly higher than 
that of Vulcan, demonstrating that this catalyst most likely follows a 2 e- reduction process. An 
increase in current collected at the Pt disk at increasingly negative potentials (positive current 
line) demonstrates that greater amounts of peroxide are formed, again, confirming the likelihood 
of a 2 e- mechanism. 
 
Figure A.2. CV under O2 in pH 6 phosphate buffer of tris(µ-hydroxy)tricopper(II) complex supported on Vulcan. 
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A.3.2 O2-Bridged Trinuclear Copper(II) Complex  
 Elerman et al. synthesized and characterized the O2-bridged trinuclear copper(II) 
complex [Cu3(L)3] · 3(ClO4) (LH = 1,3-diaminopropan-2-ol).18 Three trimeric [Cu3(L)3]+3 units 
and three perchlorate anions compose the asymmetric unit shown in Figure A.3. An almost 
equilateral triangle is formed from the linking of three copper(II) ions by 1,3-diamino-2-propanol 
molecules. An average distance of 3.481 Å separates the copper(II) centers. 
 
 
Figure A.3. Crystal structure of [Cu3(L)3] · 3(ClO4) (LH = 1,3-diaminopropan-2-ol) (2). Viewed using cif data 
imported from the Cambridge Structural Database to Mercury 3.0.18 
 
 To synthesize [Cu3(L)3] · 3(ClO4),  Cu(ClO4)2 · 6H2O (0.7425g) was dissolved in ~10 mL 
MeOH. To this was added 1,3-diamino-2-propanol (0.172 g), immediately turning the solution 
from a bright blue to a dark, cobalt blue. Triethylamine was added to the solution and a 
precipitate immediately formed. Precipitate was collected via vacuum filtration. Elemental 
analysis of the isolated complex resulted in the following: Expected % C 14.29, H 3.6, N 11.11, 
Cu 25.21 and Actual % C 13.77, H 3.10, N 9.46, Cu 25.40. The complex was then supported on 
Vulcan carbon to achieve a 30% loading of complex by sonicating the complex with Vulcan in 
MeOH and drying in vacuo at 90ºC.  
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 Figure A.4 shows the cyclic voltammetry of the complex supported on Vulcan in 
comparison to CuDAT supported on Vulcan and bare Vulcan. The results demonstrate that the 
activity of [Cu3(L)3] · 3(ClO4) is similar to that of Vulcan carbon. No noticeable improvement in 
the onset potential for oxygen reduction is observed as compared to that of Vulcan. Overall 
current densities reached are lower than that of Vulcan. It should be noted that the complex was 
soluble in H2O. This poses a challenge with respect to running the catalyst in an aqueous 
electrolyte, where it was not determined whether or not the complex is retained on the electrode 
surface after data was collected. 
 
Figure A.4. CV under O2 in pH 6 phosphate buffer of [Cu3(L)3] · 3(ClO4) (LH = 1,3-diaminopropan-2-ol) complex 
supported on Vulcan. 
 
A.3.3 Trinuclear Copper(II) Tridentate Schiff Base Complex 
 Bian et al. have synthesized and characterized a trinuclear hydroxo-bridged, Cu(II) 
tridentate Schiff base complex, shown in Figure A.5, with structural similarity to that of the 
native intermediate of the multicopper oxidases.19 The presence of Cu-OH is confirmed by the 
trigonal pyramid formed by the Cu3O fragment, where the oxygen occupies the apex of the 
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pyramid, and the three copper atoms are located at the corners. The Cu-Cu spacing in the 
complex is 3.210 Å and the apical hydroxy OH− is located 0.932(3) Å above the Cu3 plane. 
 
 
Figure A.5. Crystal structure of [Cu3(µ3-OH)(SE)3](ClO4)2·0.5H2O (3), viewed using cif data imported from the 
Cambridge Structural Database to Mercury 3.0.19 
 
 To N,N-dimethylethylenediamine (5 mmol) in methanol (~15 ml) was added 
salicylaldehyde (5 mmol). The mixture was refluxed for 1 h and Cu(ClO4)2·6H2O (5 mmol) in 6 
ml water was added dropwise while stirring. The resulting mixture was stirred for 2 h. The deep 
green solution sat overnight. We were not able to isolate the complex and instead added 1 mL of 
the complex solution to 101.5 mg Vulcan. 
 Figure A.6 shows the cyclic voltammetry of the Schiff base complex supported on 
Vulcan, compared to CuDAT supported on Vulcan and a bare Vulcan catalyst. The onset of 
oxygen reduction using the trinuclear copper(II) tridentate Schiff base complex is not improved 
in comparison to that using Vulcan. However, a significant amount of current is reached at high 
enough overpotentials using the Schiff base complex, leading one to believe that this may follow 
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a 4e- reduction mechanism. Current collected at the Pt disk electrode shows that at low 
overpotentials, a large amount of peroxide is formed. As the potential is scanned more 
negatively, these amounts diminish. It should be noted that the stability of this complex after 
repeated cycling is questioned due to its high solubility in aqueous solutions. 
 
Figure A.6. CV under O2 in pH 6 phosphate buffer of trinuclear copper(II) tridentate Schiff base complex supported 
on Vulcan. 
 
A.3.4 Trinuclear Triangular Cu(II) Complex 
 The reaction of pyrazole with a copper(II) carboxylate in the presence of water yields a 
trinuclear copper derivative characterized by the triangular core [Cu3(µ3-OH)(µ-pz)3(HCOO)2].20 
Figure A.7 shows that two formate ligands are bound to the same copper atom, Cu(1), and both 
Cu(2) and Cu(3) are coordinated by one terminal pyrazole pointing away from the capping 
hydroxy group. Cu-Cu spacings range from ~3.4 Å to 3.2 Å, values similar to those observed in 
the native intermediate of the multicopper oxidases. 
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Figure A.7. Crystal structure of  [Cu3(µ3-OH)(µ-pz)3(HCOO)2(Hpz)2] (4) viewed using cif data imported from the 
Cambridge Structural Database to Mercury 3.0.20 
 
 Hydrated copper(II) formate (3.2128 g) was dissolved in ~30 mL of water by sonication. 
To the bright blue solution was added a pyrazole solution (1.8153 g) in ~10 mL of water under 
stirring. Upon dropwise addition, a dark blue solid started to precipitate. The suspension was 
stirred for ~6 h, and the solid was filtered off. Elemental analysis shows the following: Expected 
% C 31.26, H 3.39, N 21.54 and Actual % C 31.142, H 3.12, N 20.27.  Complex was dispersed 
by sonication in ~4 mL H2O and Vulcan was added to the suspension. Mixture was sonicated for 
another 20 minutes, centrifuged, and dried in vacuo at 90 ºC.  
 Figure A.8 shows the cyclic voltammetry of the complex supported on Vulcan in 
comparison to CuDAT supported on Vulcan and bare Vulcan. The results demonstrate that the 
activity of [Cu3(µ3-OH)(µ-pz)3(HCOO)2] is similar to that of Vulcan carbon. No noticeable 
improvement in the onset potential for oxygen reduction is observed as compared to that of 
Vulcan. Overall current densities reached are higher than that of Vulcan and are greater than 
those achieved by CuDAT; yet, a large overpotential is still required before such values are 
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obtained. Increasing current collected at the Pt disk as the potential is scanned more negatively 
reveals the production of a peroxide species. 
 
 
Figure A.8. CV under O2 in pH 6 phosphate buffer of [Cu3(µ3-OH)(µ-pz)3(HCOO)2] supported on Vulcan (blue) as 
compared to Vulcan (black) and CuDAT/C (red). 
 
A.3.5 Copper inverse-9-metallacrown-3 Complex 
 Based on growing interest in the synthesis of polynuclear, especially trinuclear, copper 
complexes as they relate to the functional unit in multicopper oxidases, Afrati et al. have 
synthesized and characterized trinuclear clusters that have been characterized as inverse-9-
metallacrown-3 compounds.21 The geometry (shown in Figure A.9) of the compound of interest, 
[Cu3(PhPyCNO)3(OH)(CH3OH)2(ClO4)2], shows that two copper(II) ions in the trimeric unit are 
distorted octahedral, while the third possesses a square pyramidal environment. The trimeric 
skeleton is formed by the oximato nitrogen atoms of one PhPyCNO− ligand and the oxime 
oxygen atom of the adjacent PhPyCNO− ligand. A µ3-OH− completes the square-planar base of 
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the three metal atoms. The Cu3 cluster is described to be a scalene triangle with distances of 
3.205 Å, (Cu(1)- Cu(3)), 3.240 Å (Cu(2)- Cu(3)), and 3.222 Å (Cu(1)- Cu(2)).  
 
 
Figure A.9. Crystal structure obtained for [Cu3(PhPyCNO)3(OH)(CH3OH)2(ClO4)2] (5) viewed using cif data 
imported from the Cambridge Structural Database to Mercury 3.0.21 
  
 The complex was synthesized by dissolving 1 mmol Cu(ClO4)2·6H2O, 1 mmol phenyl 2-
pyridyl-ketoxime and 1 mmol NaOH in ~20 mL of methanol. The resulting solution was dark 
green in color, with the eventual production of a precipitate. The solution was sonicated for 15 
minutes and then stirred for 3.5 hours. The precipitate was collected via vacuum filtration. 
Elemental analysis shows the following: Expected % C 42.97, H 3.42, N 7.91 and Actual % C 
46.5, H 2.83, N 8.76. The complex was then supported on Vulcan carbon to achieve a 30% 
loading of complex by sonicating the insoluble complex with Vulcan in H2O and drying in vacuo 
at 90 ºC. 
 Cyclic voltammetry of the complex supported on Vulcan is compared to CuDAT 
supported on Vulcan and bare Vulcan in Figure A.10. The results demonstrate that the activity of 
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[Cu3(PhPyCNO)3(OH)(CH3OH)2(ClO4)2] is similar to that of Vulcan carbon. A minimal 
improvement in the onset potential for oxygen reduction is observed as compared to that of 
Vulcan. Current densities reached are only slightly higher than that of Vulcan, suggesting that 
this complex follows a 2 e- pathway for the reduction of dioxygen. 
 
Figure A.10. CV under O2 in pH 6 phosphate buffer of [Cu3(PhPyCNO)3(OH)(CH3OH)2(ClO4)2] supported on 
Vulcan.  
 
A.4 Conclusions 
 Based on the activity of multicopper oxidases, known tricopper complexes were applied 
as electrocatalysts for the reduction of dioxygen. While some activity was observed from the 
tricopper catalysts supported on Vulcan, no significant advancements were achieved. It is not 
certain whether or not the complexes remain a trinuclear entity once they are exposed to an 
aqueous suspension of Vulcan carbon. We have also not been able to probe the carbon-supported 
complexes in order to determine if multi-copper sites, with Cu-Cu spacing similar to the isolated 
complexes, are present. There is also some uncertainty as to whether or not the complex is stable 
on the carbon substrate and if it remains on the carbon when submerged in an aqueous electrolyte 
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solution. Electrochemical behavior typically varied from that exhibited by bare Vulcan, 
demonstrating that the catalyst may still be on the carbon support. However, improvements with 
respect to solubility and stability are necessary in order to fully realize the potential of each of 
these catalysts. 
 Laccase consists not only of the tricopper active site, but a fourth copper atom sits ~13 Å 
away. Substrates are oxidized at the T1 Cu, which rapidly transfers electrons to a trinuclear 
copper cluster. This fourth copper plays an integral role in activating the three-copper active site 
of laccase. This rapid electron transfer chain could be a crucial missing piece to our synthetic 
design. Also, the enzyme is more than just a three-copper active site, with a variety of other 
substituents contributing to its ability to reduce dioxygen. The amino acid residues most likely 
help stabilize the tricopper active site during transitions from one intermediate state to another. 
Our synthetic systems lack this environment, contributing to inherent structural limitations. 
 While each of the complexes exhibited Cu-Cu spacing on the order of that found in the 
tricopper active site of laccase, other structural characteristics may have inhibited their ability to 
effectively reduce dioxygen. The tricopper complexes involving a bridging µ3-OH group across 
the three copper centers may impede the access of dioxygen. Yet, with two of these complexes (3 
and 4), it appears that a 4 e- reduction of dioxygen may occur, with little to no formation of a 
peroxide intermediate. Since Vulcan is known to follow a 2e- mechanism, it appears that the 
complex may be playing an active role in the reduction of dioxygen. At more negative potentials, 
this bridging hydroxide may no longer be stable and could potentially be liberated, leading to a 
more effective ORR catalyst.  
 The remaining complexes show no apical bridging oxygen, but rather bridging oxygen 
groups between two copper atoms (1 and 2). With this arrangement, approach by dioxygen 
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would seem less impaired. However, complex 2 exhibits a bridging perchlorate between two of 
the copper atoms. This may prevent approach and subsequent reaction with O2. This effect also 
correlates well with the suppressed current density and onset potential obtained from the 
complex supported on Vulcan. 
 While significant improvements with respect to dioxygen reduction activity were not 
revealed in these studies, we have reiterated the importance of several structural features. While 
Cu-Cu spacing may be ideal, structural and environmental factors are vital to stabilizing and 
activating the reduction site. Complexes must also be robust, yet display some amount of 
flexibility. Most importantly, insight into how these complexes are supported on the carbon 
black will expose whether or not progress towards creating and supporting a trinuclear copper 
site is accomplished. 
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